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Abstract
Industrial and nuclear security applications continue to push radiation detection
development into new and exciting frontiers. In this work, an innovative detection module is
developed and tested for use in a cosmic ray imaging (CRI) system designed for oil field
characterization and is evaluated for its potential use in a fast neutron detection system for
nuclear security applications. By measuring density changes in the reservoir, the CRI system
will provide real-time information about steam chamber development during the enhanced oil
field recovery process known as steam assisted gravity drainage (SAGD). The ability to
monitor the development of the steam chamber region has the potential to provide important
information, which could be used to optimize the growth and uniformity of the underground
steam chamber and minimize costs. The organic liquid scintillator based detection modules
also detect fast neutrons. During the initial characterization of an unidentified radioactive
source, it is important to have the capability to determine if special nuclear material (SNM) is
present and if it is configured to produce a nuclear yield. The emission of multiple neutrons
during a single fission makes it possible to use this unique timing characteristic to identify
SNM. The number of specialists trained to handle nuclear devices is limited making this
determination a critical step in properly responding to the situation.
The detector module consists of a 5 mm diameter by 2-meter long fluoropolymer tube
filled with organic liquid scintillator (OLS), optically read-out using wavelength shifting
(WLS) fibers. The 1:400 ratio of diameter to length makes light collection from the organic
scintillator very challenging. Over ten configurations of OLS, fluoropolymer tubes, and WLS
fibers were tested. The final configuration consisted of two 2mm BCF-91A WLS fibers
optically coupled to the outside of an optically transparent fluorinated ethylene propylene
(FEP) tube filled with a commercial OLS (EJ-309). Cosmic ray muons produce large light
pulses in the OLS of which a portion reaches the external WLS fibers. The WLS fibers re-
emits the light at longer wavelengths and acts as a multi-mode light guide channeling the signal
to photomultiplier tubes located at each end of the WLS fibers. This module demonstrated
excellent detection efficiency with less than 5% signal reduction, at any point along the module,
due to optical attenuation. Timing analysis of the WLS fiber signals also provided coarse
position determination, 40 cm, which opens design options not previously available.
An important characteristic required of neutron detectors for nuclear security
applications is the ability to discriminate fast neutron and gamma ray events. Initial tests have
demonstrated the capability of our module to discriminate neutron and gamma rays by applying
the rise time pulse shape discrimination (PSD) method to the WLS fiber signals. EJ-309 is
3
well known for its PSD capabilities. Coupling this desirable characteristic with loss free, low
attenuation optical read-out through a WLS fiber has the potential to broaden significantly
liquid scintillator applications.
Thesis Supervisor: Richard Lanza
Title: Senior Research Scientist
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1. Introduction
A wide range of industrial and government applications continue to push radiation
detection development into new and exciting frontiers. Advanced detection systems require
innovative solutions to meet technical specifications such as efficiency, angular resolution,
energy resolution, and timing resolution while performing under demanding operational
constraints such as a wide range of temperatures, varying background radiation, mechanical
shock, dimensions, and weight. Technology advancements in the areas of signal processing,
optical light read-out, detection materials, equipment miniaturization, and computer model
simulations enable these concepts to become a reality.1' 2 In this work, an innovative detection
module is developed and tested for use in a cosmic ray imaging system designed for oil field
characterization and is evaluated for its potential use in a fast neutron detection system for
nuclear security applications.
1.1. Motivation
1.1.1. Cosmic Ray Imaging for SAGD
Canada's heavy-oil reserve, one of the largest in the world, has an estimated 175 billion
barrels of which 80% are too deep for open pit mining.3 Research on in-situ methods using
steam to extract the heavy oil from the sand began in the 1970s but it wasn't until 2002 that
the first production from a commercial steam assisted gravity drainage (SAGD) project was
realized.4 Now (2014), over 50% of the oil Canada produces is from in-situ methods like
SAGD, with continued growth expected. The SAGD method uses two horizontal wells
separated by approximately 5 meters. Steam, pumped at high pressures into the top well (aka
the injector well), penetrates the reservoir. In doing so, it heats up the local bitumen until its
viscosity is low enough to allow it to flow by gravity into the lower well (aka the producer
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well). The mobilized oil or bitumen is then pumped from the production well to the surface
for processing. Natural gas consumption for steam production accounts for 60% to 70% of the
total operation costs for SAGD plants, making steam management an important aspect of
SAGD operations. 3 The ability to monitor the development of the steam chamber region has
the potential to provide important information to the operator, which could be used to optimize
the growth and uniformity of the underground steam chamber and minimize costs.
As part of this thesis, a cosmic ray imaging (CRI) system has been developed at
Schlumberger-Doll-Research (SDR) Center with the goal of providing in-situ and near-real-
time information about steam chamber development in a SAGD field.
Cosmic ray muons continually penetrate the earth's surface and their flux is attenuated
as they travel underground. As a SAGD steam chamber develops, the bitumen is replaced with
steam, decreasing the density in the reservoir. Muons passing through this lower density region
are attenuated less, resulting in an increased muon flux in that direction. The density across
the field can be monitored in real time by measuring the muon intensity and direction.
This technique of muon imaging has been used in several other applications
including studies of the interior of volcanos.5' 6 SDR has developed a prototype device that
was tested with Suncor Energy Inc. in a SAGD observation well at MacKay River, in the Ft.
McMurray region of northern Alberta, Canada.7 The intent of the field test was to demonstrate
the deployment capability, verify the stability of the system in an operational environment, and
establish constant remote data monitoring. Based on the data collected and Monte-Carlo
modelling, improved muon detection rates, i.e., increased area, is required to identify density
changes more rapidly and accurately.
The operational constraints of downhole monitoring and the required geometries for a
CRI borehole detector limits the available options to improve the muon detection rate or the
angular resolution of the density mapping. The CRI design requires many long-thin detection
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modules as shown in Figure 1.1. The crossed helical pattern allows the position along the axis
of the tool to be determined by observing coincident events in adjacent rings. Adjacent ring
fibers cross only once in the length of the tool. When a coincident event occurs, the interaction
position is localized at the crossing point of the two coincident fibers as shown in Figure 1.2.
The blue parallelogram defines the uncertainty in the position determination and depends on
the active length of the tool, L, the diameter of the fiber rings, D, and the diameter of the
individual fibers, d. When there is at least two pairs of coincident fibers the muon trajectory
is reconstructed using their crossing points. The angular resolution of the density mapping
worsens with position uncertainty. There is a tradeoff between an increase in the muon
detection rate, that is proportional to the active area D x L, and the degradation in angular
resolution as L is increased. It is important to recognize that a valid muon event can be easily
discriminated from background gamma ray and neutron events since we require a hit in at least
four fibers.
Figure 1.1. Crossed-helical design of SDR cosmic ray imaging (CRI) system. No fibers cross more than
once in the 1-meter length of the system. Coincident muon hits in adjacent rings determine the muon
path. Reproduced with the permission of Schlumberger.
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Figure 1.2. The muon interaction position is localized at the crossing point of adjacent fibers that
experience a coincident event. The blue parallelogram determines the uncertainty in the position
determination. The active length of the tool is L, the diameter of a ring of fibers is D, the individual
fiber diameter is d, and the angle between fibers in adjacent rings is a. Reproduced with the permission
of Schlumberger.
The initial CRI design used a fluoropolymer tubing, PTFE (polytetrafluoroethylene),
filled with organic liquid scintillator (OLS) with the concept that the design would provide a
large optical signal with flexible dimensions. However, the OLS filled PTFE tubes
demonstrated a very poor attenuation length making them impossible to use. With the pressing
need for an operational prototype, a system with an outer diameter of 3.5 inches was
constructed using 5-millimeter diameter by 1-meter long plastic scintillating fibers. This
system was suitable for initial testing but future designs require the muon count rate to be
maximized to reduce statistical uncertainties of the density mapping. Although plastic
scintillators provide a large signal and good attenuation, they do not readily provide the
flexibility to increase the length of the system since as the length of the plastic fiber increase,
they are more susceptible to damage and the cost of manufacturing increases. In turn, the use
of multiple one-meter systems requires each system to have its own light collection and
electronics, which is cost prohibitive. Therefore, a practical system for SDR required an
efficient muon detection module that provided a measurable signal at lengths of 2-meters or
greater.
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1.1.2. Fast Neutron Detection for Nuclear Security
While developing the detection module for the cosmic ray imager, its potential as a fast
neutron detector for nuclear security also became apparent. With so many diverse commercial
applications using radioactive sources and a complex and varying background radiation, it is
difficult to distinguish between benign sources of radiation and a nuclear device that could
produce an explosive yield of 10 kilotons (kt) or greater. The number of specialist trained to
handle nuclear devices is limited, making the characterization of a neutron source as special
nuclear material (SNM) as early as possible a critical step in properly responding to the
incident. As one would expect, this is not a trivial matter considering the vast configurations
of nuclear weapons and radioactive materials.
In general, the primary fissile isotopes of concern are uranium-235 (2 11U) and
plutonium-239 ( 2 39 Pu). In practical scenarios, the neutron signature from a 23 5U-based weapon
is undetectable.8 Therefore, we focus on the detection of neutrons from 239Pu-based weapon.
Weapons grade plutonium (WgPu) is produced by irradiating uranium-238 (238U) in a nuclear
reactor and consists primarily of 2 3 9Pu. WgPu will also have small amounts of other isotopes
including plutonium-240 (2 4 0Pu). Given the typical amount of 2 40 Pu present and its relatively
high spontaneous fission rate, this is the primary source of neutrons from WgPu. Although the
fission neutrons will have a unique energy spectrum, this will be difficult to measure since
portable neutron spectrometers are difficult to make.
Current systems primarily rely on multiplicity counting, a technique that relies on the
unique coincidence signature that arises from multiple neutrons being produced in each
spontaneous or induced fission. These systems, notably the NPOD 9' 10 developed at Los
Alamos National Laboratory (LANL) and the Fission Meter" developed by Livermore
National Laboratory (LLNL) and commercialized by ORTEC, use large quantities of helium-
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3 (3He) detectors and rely on moderation to thermalize the fast fission neutrons before capturing
them. The time required to moderate the neutrons significantly degrades the coincidence
timing capabilities requiring longer collection times. In addition, the existing 3He shortage
makes wide deployment of the NPOD or Fission Meter impossible. Developing a fast neutron
detector, such as the one shown in Figure 1.3, that is low cost non- 3He based and that can
deploy with local first responders, has the potential to provide new rapid characterization
capabilities that will guide the intelligent deployment of our limited personnel trained to
respond to and render-safe nuclear weapons.
Figure 1.3. When an unknown neutron source has been identified, it is necessary to determine
rapidly if special nuclear material is present and if it is in a configuration to produce a nuclear yield.
A flexible OLS based detection system could provide a low cost alternative to expensive systems
based on scarce 3He.
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1.2. Problem Statement
The primary goals of this work are to develop an alternative detection module for
cosmic ray imaging with the following characteristics:
o Operate at a continuous length of at least two meters with comparable muon
detection efficiency to conventional plastic fibers,
o Have enough flexibility to conform to the helical CRI geometry,
o Have the potential to survive multi-year deployment without maintenance, and
o The ability to provide interaction position along module would be an additional
(but not required) benefit.
Additional requirements for fast neutron detection are secondary to the CRI
requirements. This portion of my research will evaluate the CRI detection module for use in a
fast neutron detector with the following criteria:
o Maximize fast neutron detection efficiency to minimize data collection times,
o Have the potential to discriminate between neutron and gamma ray events, and
o Have a scalable form factor able to conform to operational scenarios.
1.3. Importance of this Work
Scintillation light collection in long-thin geometries has always been a challenge. In
the development of a detection module for cosmic ray imaging, a simple, cost effective, and
scalable solution was built and tested. This not only provides the building blocks for a scalable
cosmic ray imager, it also opens a wide range of detection designs that may not have been
considered without this capability. The potential to discriminate neutron and gamma ray events
based on the WLS fiber read-out further expands its possibilities. Current nuclear security
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multiplicity counters rely on large quantities of scarce 3He. The ability to detect fast neutrons
and discriminate gamma ray background makes these organic liquid scintillator filled
fluoropolymer tubes a viable alternative to the current 3He systems.
1.4. Organization of this Thesis
This thesis is organized into seven chapters. The first chapter discusses the motivation
to seek a detection module that meets requirements for a cosmic ray imaging system and a fast
neutron detector. The second chapter provides the technical background of detecting muons,
neutrons, and gamma rays with an organic liquid scintillator. An estimate of the scintillation
light from each source is also calculated. In Chapter 3, a model of light propagation in
fluoropolymer tubes and of light collection in wavelength shifting fibers is used to estimate
expected signals. Chapter 4 outlines the construction and initial testing of the detection
modules. Chapter 5 analyzes the detection modules performance detecting muons for the CRI
application. Chapter 6 analyzes the detection modules performance detecting neutrons for the
fast neutron detector application. Finally, the conclusions from this work and
recommendations for future research are provided in Chapter 7.
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2. Radiation Detection Using Organic Liquid Scintillators
The advantages of organic liquid scintillators (OLS) over other options, such as plastics
or high-pressure gases, are many. First, viable OLS options produce more scintillation light
(characteristic visible and ultraviolet light) than the plastic fibers while having a faster decay
time resulting in more accurate timing measurements. Second, the liquid scintillator can also
be held in almost any size or shape container that allows the scintillation light to be collected
directly or through a wavelength shifter. Next, the bulk costs of OLS makes it the most
inexpensive option available. Finally, OLS have the added benefit of being an efficient fast
neutron detector and some OLS have neutron-gamma ray discrimination capabilities.
There are, of course, some disadvantages of using liquid scintillators that need to be
considered and compensated for. First, creating a leak-proof system can present some
challenges and some liquid scintillators have flashpoints as low as 26*C/790 F. For long-term
applications, airtight systems are required to prevent dissolved oxygen from degrading the light
output over time. Some liquid scintillators are also toxic, which may limit their application
where the potential for human contact is more likely. With the wide range of commercially
available OLS and the many systems currently employing them, these disadvantages can be
mitigated.
Generally, OLS are benzene-based compounds with valence electrons occupying a-
and a-molecular orbitals. The a-orbitals are strongly centered with the molecule but the n-
orbitals can be delocalized. When the i-electron spins are fully paired the molecule is in a
singlet state and when they are unpaired it is in a triplet state. Energy deposited by incident
radiation results in electrons jumping to higher energy singlet and triplet states through
different processes that will be described later. Transitions between these i-electronic states
produce the scintillation light that is converted through a photomultiplier to the electrical
26
signals measured.12 There are two principle types of liquid scintillators, binary and ternary
systems. In both systems, there is a solvent, such as toluene or p-xylene, which is the primary
constituent of the system and where the incident radiation deposits its energy. In a binary
system, the solvent dissolves a small concentration of solute, such as p-terphenyl. This primary
solute produces the fluorescence after the deposited energy is transferred from the solvent. In
a ternary system, a secondary solute, such as POPOP (1,4-Bis-(2-(5-phenyloxazoly))-
benzene), acts as a wavelength shifter absorbing the primary solute's fluorescence and re-
emitting at longer wavelengths.12
In this chapter, we review the scintillation light from the interactions of muons,
neutrons, and gamma rays inside an OLS. First, we describe the population of various singlet
and triplet ir-electronic states of a ternary system and the associated radiative and non-radiative
processes. Next, the effect of excitation density, i.e., the spatial distribution of excitation and
ionization, on the population of excited singlet and triplet states and their subsequent de-
excitation is discussed. Then, we present descriptions of the muon, neutron, and gamma ray
sources of importance to this work and finally the expected scintillation light from each.
2.1. The Scintillation Process in Organic Liquid Scintillators
As described earlier, a ternary system consists primarily of solvent molecules [X], with small
quantities of primary solute molecules [Y], and secondary solute molecules [Z]. The
scintillation process starts with a charged particle exciting and ionizing X. Figure 2.1 shows a
general energy level diagram for X, Y, and Z and the main transitions that can occur.
Transitions from higher states to lower states are radiative if they emit light, shown as solid
blue arrows, or non-radiative if they do not emit light, shown as dashed red arrows. Excitations,
shown as solid green arrows, result in the population of excited singlet states of Six, S2X, and
S3X. The fine structure of the levels are due to molecular vibrations. The time scale of these
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molecular vibrations is on the order of picoseconds resulting in the rapid non-radiative
transitions from higher energy states, called internal degradation, to Six. The X and Y
combination is chosen to maximize non-radiative transitions from Six to excited states of Y,
shown with a horizontal red arrow. Similarly, the internal degradation to Siy from higher states
happens rapidly. Unlike the X and Y combination, the Y and Z combination is chosen to
maximize radiative transitions from Siy to the excited states of Z, shown with a solid blue
arrow connecting Soy and Soz. After the rapid internal degradation from higher states to Siz,
the secondary solute produces prompt fluorescence, which is the largest contribution to the
total scintillation light. The fluorescence is at longer wavelengths reducing re-absorption in X
or Y. These radiative transitions also decay to higher energy vibrational states Sonz emitting
longer wavelength photons and further reducing the potential for self-absorption in Z. Figure
2.2 shows the absorption and emission spectra of the common secondary solute bis-MSB.
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Figure 2.1. Energy diagram for an organic liquid scintillator. A ternary system consists primarily
of solvent molecules [XI, with small quantities of primary solute molecules lY], and secondary solute
molecules IZI. Solid green lines are excitations to higher states. Solid blue arrows are radiative
transitions, fluorescence. Red dashed arrows are non-radiative transitions.
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Figure 2.2. Absorption and emission spectra for bis-MSB, a common secondary solute. The small
region of overlap are the wavelengths where self-absorption can occur. Image is taken from Viren."
In addition to excited singlet states, inter-system crossing and ion recombination
populate excited triplet states, which are not shown. The inter-system crossing is a low
probability process in which Six relaxes to lower energy excited triplet state. Ion
recombination preferentially populates excited triplet states over excited singlet states three to
one. Higher excited triplet states also undergo internal degradation rapidly transitioning to Tix.
Radiative transitions from Tix to Sox, called phosphorescence, are forbidden with lifetimes
from microsecond to seconds and its contributions are considered insignificant relative to
fluorescence. Another possible transition is the annihilation of two triplet states,
Tix+Tix - Sox+ Six (2.1)
producing additional excited singlet states. These Six states decay with the same rate and
spectrum as the prompt fluorescence but is delayed by the migration time of the triplet states
and considered the main contributor to delayed fluorescence. The density of ionization and
excitation affects the internal degradation and triplet annihilation processes.
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2.2. The Effects of Excitation Density - Pulse Shape Discrimination
In 1968, Laustriat described the spatial distribution of the energy deposition as shown
in Figure 2.3. Particles with high specific energy loss, dE/dx, in the solvent will produce
regions of high activation along its track and in "spurs" and "blobs" outside the track. Particles
with low dE/dx in the solvent will not create a region of high activation along its track. The
extent of these high activation regions produce two effects, ionization quenching and increased
triplet annihilation, that change the scintillation light profile and can be used to discriminate
incident radiation based on its specific energy loss. The specific energy loss for muons,
protons, and electrons are shown in Figure 2.4. Although the exact mechanism that suppresses
the prompt fluorescence is still disputed, the quenching appears to occur before the lowest
excited state Siz is populated.12 The high density of ionization appears to provide alternate
paths for the higher singlet states that do not lead to the lowest excited state Siz.
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Figure 2.3. Spatial distribution of excitations and ionizations in organic scintillator. Particles with
high specific energy loss create a track of high activation density along its path and secondary regions
called blobs and spurs. Particles with low specific energy loss only create the blobs and spurs. Image
is taken from Laustriat.1 4
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Figure 2.4. Specific energy loss for protons (0-10 MeV)'5 , electrons (0-1 MeV)15, and muon (1-100
GeV) in toluene (C7H8). Ionization quenching of luminescence increases with increased specific
energy loss.
Birks' semi-empirical formula is commonly used to describe the reduced scintillation
response per unit path length dL/dx as a function of dE/dx:
d E
d L SdE
dx =(2.1)
dx (1+kBdk dx)
where S is the scintillation efficiency and kB describes the fraction of the excitations that are
quenched.' 7 Craun and Smith added a second order quenching term improving the fit for
particle with larger specific energy loss.'8 Increased ionization quenching due to higher
specific energy loss leads to a lower scintillation yield as shown in Figure 2.5. The term MeV
electron equivalent (MeVee) has been introduced to quantify the light yield of heavy charged
particles. A one MeVee proton would have an incident energy of several MeV.
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Figure 2.5. Comparison of scintillation light from electrons and protons in a xylene based organic
scintillator. Ionization quenching provides alternate paths to internal degradation resulting in reduced
prompt fluorescence for higher specific energy loss particles like protons. A 1 MeVee proton has the
same light production as a I MeV electron but has an incident energy of 3 MeV. Image taken from
Craun and Smith."
The second effect introduced in regions of high activation is increased triplet
annihilation. As described in Section 2.1, excited triplet states are primarily populated by ion
recombination. Regions of high ionization lead to higher densities of triplet states increasing
the delayed fluorescence contribution to the total scintillation light. Figure 2.6 shows the
differential and integral pulses in a xylene based liquid scintillator (NE213) from a gamma ray
and a neutron interaction. The scattered proton from the neutron interaction has a larger
specific energy loss than the scattered electron from the gamma ray interaction. The resulting
delayed fluorescence remains a small fraction of the total scintillation light but this difference
in pulse shape can be detected with common pulse shape discrimination techniques and provide
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the means to discriminate incident radiation based on its specific energy loss. It is generally
accepted that the population of the long-lived triplet states is the source of the delayed
fluorescence and any processes that inhibit (quench) this population will degrade the pulse
shape discrimination capability. Many organic scintillators have inherent processes that
quench the population of triplet states and therefore do not exhibit the pulse shape
discrimination capability. Oxygen dissolved in the scintillator reduces the overall scintillation
light and can quench the delayed fluorescence resulting in degraded or destroyed pulse shape
discrimination capability.12 ,14,17 Oxygen degassing in liquid scintillators can be achieved by
nitrogen bubbling.
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Figure 2.6. Differential and integrated curves showing the time dependence of gamma ray versus
neutron response in a xylene based liquid scintillator. The time dependence can be used to differentiate
incident radiation based upon its specific energy loss (dE/dx). Images taken from Kuchnir et al.1 '
2.3. Scintillation Light from Muons, Neutrons, and Gamma Rays
The final scintillation light from muon, neutron, and gamma ray interactions will vary
significantly based upon their energy and the path length in the scintillator including the effects
due to the incident angle. In this section, we will describe the expected angular and energy
distributions for each type of incident radiation, the types and probabilities of interactions
inside the scintillator, and estimate the expected scintillation light. The muon angular and
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energy distributions are well documented and originate from cosmic ray interactions in the
Earth's atmosphere. The neutron and gamma ray distributions will be based on a simple
implosion-type nuclear weapon, which will be compared to an Americium-Beryllium (Am-Be)
source, a common industrial neutron source
2.3.1. Muon Source and their Interactions
Terrestrial muons are a result of pion and kaon decay following a primary cosmic ray's
interaction in the upper atmosphere. This initial interaction produces many short-lived
particles in a hadronic cascade, but the muon's mass, energy, and half-life generally allow it to
travel through the remainder of the Earth's atmosphere and penetrate the Earth's surface.
Muons passing through the atmosphere at large zenith angles have longer path lengths and are
less likely to reach the surface. The final muon distribution at surface has been well
characterized and the angular distribution is found to be proportional to the square of the cosine
of the zenith angle, P(8) oc cos2 6. As shown in Figure 2.7, the muon flux is predominately
vertical with fifty percent of muons incident at zenith angles less than 37.50*. This results in a
commonly quoted muon flux of 1 muon min- cm-2 at sea level. 20
With a mean lifetime of 2.2 ps very few muons would survive the trip through the
atmosphere but since muons are produced at relativistic energies they experience a time
dilation and some live long enough to penetrate over a thousand meters into the Earth's surface.
The mean energy at sea level is approximately 4 GeV and increases with increasing depth.
Similar to electrons, muon primary interactions of interest in matter are collisional (Bethe-
Bloch) or radiative (Bremsstrahlung). 16 The muon, being 200 times heavier than the electron,
generally does not experience the same large angle scattering when interacting with orbital
electrons. The specific energy loss remains relatively constant at 2.3 MeV cm2 /g in the 1-10
GeV region. 16 With a low and constant specific energy loss, the scintillation light per
34
distance, dL/dx, will also be constant. For EJ-309 an OLS from Eljen Technology" the muon
scintillation light per unit of distance is:
dL dL dE pons MeV cm2  g hotons
- = E p:~ 11,500 photons 2.3 0.964 - ~ 25,500dx dE dx MeV g cm3 cm (2.2)
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Figure 2.7. The cosmic ray muon angular distribution is proportional to the square of the cosine of
the zenith angle. Each colored section represents 25% of the incident muons. Fifty percent are incident
at zenith angles less than 37.5'. The black line is at 45'. Integration over all angles gives a muon flux
of-1 min' cm2 .
The angular distribution of muons determines the expected path through a horizontal
tube, the orientation during all laboratory testing, of a given diameter. A simulation was written
to randomly sample the muon angular distribution P(6) oc cos2 6 and determine if the sampled
muon trajectory crossed the tube. As shown in Figure 2.8, when a muon intersects the tube,
the simulation records its path length and then finds the mean path length of all muons passing
through the tube. The mean path length is determined to be (86 3)% of the horizontal tube
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diameter. Therefore, a 5mm diameter tube filled with EJ-309 will have a mean scintillation
light of approximately (11,.000 400) photons.
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Figure 2.8. Estimating the muon path length through a horizontal tube. Based on the muon angular
distribution at sea level the simulation randomly chooses a muon path and determines the path length
through the tube. The mean path length is determine to be 86 3 % of the diameter.
2.3.2. Neutron Sources and their Interactions
When authorities locate an unknown neutron source, the ability to determine if it is a
nuclear yield producing device or not is critical to formulating the proper government response.
The most common nuclear yield-producing material that has a prominent neutron signature is
plutonium. It is important to recognize that highly enriched uranium (HEU) produces an
almost undetectable -2 neutrons s-1 kg- 1.8 At ten meters away, this results in an un-attenuated
flux of 1.5 neutrons m-2 min-', significantly below the fluctuating background of 60 neutrons
m-2 min-' from cosmic rays. Weapons grade plutonium (WgPu), in contrast, emits 56,000
neutrons s-' kg-1. Fetter et al. describes four hypothetical implosion-type, nuclear weapon
designs using either HEU or WgPu as the fissile core, and either tungsten or depleted uranium
as the tamper.8 In my analysis, I will use the WgPu core with a depleted uranium tamper model
as shown in Figure 2.9. The purpose of the dense tamper is to provide a large inward
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momentum to counter the expansion of the fissile core as it becomes super-critical and begins
to expand. The last few generations in the nuclear chain reaction, which occurs on a timescale
of 10 ns, produces the bulk of the yield. Even modest increases in the number of generations
before the weapon disassembles will significantly increase its yield. Fast neutron-induced
fissions in the 23 8U also increases the weapon's yield.
4 kg WgPu core, 1.23 cm
beryllium reflector, 2.0 cm
uranium tamper, 3.0 cm
high explosive, 10.0 cm
aluminum case, 1.0 cm
Figure 2.9. Hypothetical implosion-type nuclear weapon made of concentric sphere shells with a
hollow center. The fissile core consists of 4 kg of weapons-grade plutonium with a thickness of 1.23 cm
and an outer radius of 7 cm. The tamper is made of depleted uranium. Measurements provided are
the thickness of each shell giving an overall outer diameter of 46 cm. Reproduced from Fetter, et al..8
The exact isotopic composition of WgPu will vary based on its production process but
the fraction of isotopes with high spontaneous fission rates, specifically 23 8Pu, 24 0Pu, and 24 2 Pu,
are generally kept below 7%. The presence of neutrons from spontaneous fission can initiate
the nuclear chain reaction and the subsequent expansion too early, reducing the total number
of generations in the reaction and significantly reducing the weapon's yield.a Table 2.1
a When a nuclear weapon pre-initiates and does not achieve its intended nuclear yield it is called a
fizzle. It was determined during the Manhattan Project that plutonium could not be used in a gun-type design,
a design in which two sub-critical masses driven together by explosives, because the spontaneous fission
neutrons would cause pre-initiation.
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summarizes the contribution of each isotope to this model's neutron signature. Spontaneous
fission neutrons from 240Pu and their induced fission neutrons are the largest contributors
producing over 400,000 neutrons per second at the surface of the weapon.
Table 2.1. Estimated Neutron Source Escaping Surface of a Plutonium Based Nuclear Weapon.2 2
Plutonium Spontaneous Fission (a,n) Neutrons Fractional Total*
Isotope Neutrons (s-1 kg-1) s-1g-) Composition (s-1)
238 2,600,000 220,000 0.00005 1009
239 22 630 0.933 4734
240 910,000 2,300 0.060 426800
241 500 22 0.0044 16
242 1,700,000 33 0.00015 2018
TOTAL 430,000
* Total for 4 kg of WgPu and a 1.94 multiplication from self-induced fission and (n,2n)
The neutron energy distribution, from spontaneous fission and neutron-induced fission,
can be described by a Watt spectrum:
b
=b e4a -aE'W(a, b, E') r 4a e sinh bi (2.3)
where E' is the secondary neutron energy, and a and b are parameters specific to the isotope of
interest. 23 For neutron-induced fission, a is dependent on the incident neutron energy as:
a(E) = ao + a1E + a2E 2  (2.4)
where the coefficients ao, ai, and a 2 are tabulated for fissionable isotopes. The neutron energy
distributions for 2 4 0Pu spontaneous fission, 2 2Cf spontaneous fission, and neutron-induced
fission in 239Pu are shown in Figure 2.10. The majority of fission neutron will be created
between 0.1 MeV and 10 MeV with a mean energy of approximately 2 MeV. Am-Be is a
common industrial neutron source in which an alpha particle from the americium interacts with
the beryllium to produce a neutron (a,n). Although the interaction produces a more
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complicated neutron energy distribution as shown in Figure 2.10, the energy range is similar
to fission neutrons.
Neutron Ener w Distribution
-- Pu-240 (SF)
0.30
0. -- Cf-252 (SF)
- Pu-239 (2MeV)
0.25 
-- - Am-Be
0.20
0.15 1
0.10 -
0.05
0 2 4 6 8 10
Neutron Energy (IV)
Figure 2.10. Neutron energy distribution for spontaneous fission of 240Pu and 2s2 Cf, neutron-induced
fission in 239 Pu, and alpha-neutron interaction (a,n) in Am-Be. The fission energy spectrum is
defined by the Watt spectrum. 23 In the Am-Be neutron source an alpha particle from the 2 4 1Am
interacts with the Be to produce a neutron.
The primary constituents of liquid scintillators are hydrogen and carbon; EJ-309 has a
1.25 H/C ratio. The dominant neutron interaction in hydrogen and carbon, over all neutron
energies of interest, is elastic scattering as shown in Figure 2.11. In the fission-neutron energy
range, the elastic scattering cross-sections remain essentially constant at 20 barns for hydrogen
and 5 barns for carbon. Based on the larger cross section and more atoms per molecule, more
than 80% of the interactions that occur will be with hydrogen. The low probability carbon
scattering events produce little scintillation light and will only contribute to the low-level noise
region of the spectrum. Elastic neutron scattering with hydrogen results in a recoil proton with
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a maximum energy equal to the incident neutron energy and a mean energy equal to one-half
of the incident neutron energy.
Hydrogen-Carbon Elastic Scatter Cross-Sections
104  30
2 1000 -61
20,.a15
100-
01
Energy (M~eV)
110--
1 -Hydrogen
- Carbon
0.11'
10-5 0.01 10 104 107
Neutron Energy (1kV)
Figure 2.11. Elastic scatter neutron cross-section for hydrogen and carbon. Elastic scatter cross-
section dominates at all energies of interest. In the fission neutron energy region (0.1 MeV to 10 MeV),
the cross-sections remain almost constant at 20 barns for hydrogen and 5 barns for carbon as shown
in the inset.2 5
Using the Watt spectrum for incident neutrons gives a mean recoil proton energy of
1.2 MeV. As discussed earlier, the larger specific energy loss of protons result in ionization
quenching and reduced scintillation light. Using the empirical formula from Katz, Sharma,
and Homayoonfar,2 6 recent studies have characterized the neutron light output in EJ-309.27,28
For scattering on hydrogen the formula for the light output in MeVee is:
L(Ep) = aEp - b(1 - e-cEP) (2.5)
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where a, b, and c are experimentally determined and Ep is the recoil proton energy in MeV.
This provides the final piece of information required to estimate the range of scintillation light
in EJ-309 from fission and Am-Be neutrons. Figure 2.12 shows the expected scintillation light
as a function of recoil proton energy. Based on the neutron energy spectra we can estimate
most recoil protons will be between I MeV and 3 MeV with a scintillation light between 1,700
photons and 10,400 photons.
0
.
2.4
0.
0.
0.
Luminescence in EJ-309 from Proton InteractionI.1
5-
0 2 4
Recoil Proton Fiergy (MeV)
6 8
Figure 2.12. Scintillation light produced in EJ-309 as a function of recoil proton energy. The range of
proton energy is based on the incident neutrons from 240Pu and Am-Be interacting with hydrogen. The
reduced scintillation light in EJ-309 due to the high specific energy loss of protons is based on data
published in 2013 by Enqvist et al."
2.3.3. Gamma Rays and their Interactions
The requirement for coincidence in multiple detection modules for tracking purposes
makes any effects of gamma rays on the cosmic ray imager insignificant. On the other hand,
gamma rays incorrectly identified as neutron can have a significant effect on the ability to
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determine if an unknown neutron source is SNM or not. Because the fission process produces
multiple neutrons, it is possible to detect a higher number of neutrons per time interval as
compared to neutron sources not undergoing fission. Gamma ray events counted in the
detection modules could alter the timing information and make it impossible to ascertain
accurate information about the neutron source.
There are many gamma ray producing decays and interactions in the nuclear weapon
model discussed in section 2.3.2. Gamma ray self-shielding, the absorption and scattering of
gamma rays occurring inside the nuclear weapon, further complicates the gamma ray spectrum
at the weapon's surface. The dominant gamma ray emission at the surface of the model is a
decay product of 2 38U with a 1.001 MeV line and a rate of 60,000 per second. 22 Gamma rays
interact primarily with the carbon content of an organic scintillator to produce secondary
electrons. Figure 2.13 shows the three primary gamma ray interactions inside an OLS;
photoelectric effect, Compton scattering, and pair production; and the dominant interaction at
an incident energy of 1 MeV is Compton scattering.
The secondary electrons from Compton scatter will have a kinetic energy, Te, equal to:
T = 1-CosO
(moc2Ey)+1-Cos (2.6)
where Ey is the incident gamma ray energy, m C2 is the electron rest mass energy, and 6 is the
scattered photon angle. This produces the well-known Compton edge associated with the
maximum energy transferred to the secondary electron when the incident gamma ray is
scattered at 1800. Figure 2.14 shows the calculated Compton electron energy distribution based
on the Klein-Nishina formula. With a negligible photoelectric cross section and a low
probability of multiple Compton scatters inside the small detector module, the maximum
energy deposited will correspond to this Compton edge. For a 1 MeV gamma ray the maximum
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Compton electron energy is 0.8 MeV. Assuming the electron deposits all of its energy, there
are approximately 9,200 photons produced in the liquid scintillator. Neutrons can produce the
same amount scintillation light making their discrimination difficult.
Gamma Ray Interactions in Liquid Scintillator
100
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STotal
10-4
+ Photoelectric
* Compton
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Figure 2.13. Attenuation coefficients in organic liquid scintillator for 1 keV to 5 MeV gamma rays. 29
Compton scatter is the primary interaction for gamma ray energies between 0.1 MeV and 1.0 MeV.
Klein-Nishina calculation shown for comparison.
As discussed, the gamma ray sources from nuclear weapons and natural background
produce a wide range of secondary electron energies, but the majority will fall below 2 MeV.
Because strontium-90 (Sr-90) beta particles have an energy range from 0 to 2.2 MeV, it is used
in many of the preliminary tests discussed later. Secondary electrons and betas will undergo
the same energy depositing processes in the liquid scintillator although secondary electrons
will be created at the gamma ray interaction point throughout the detector volume. This may
cause some electron to interact in the wall of the detector before all of its energy is deposited
in the OLS.
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Figure 2.14. Compton continuum for a 1 MeV gamma ray. The Klein-Nishina formula describes the
angular distribution of Compton scattering, and therefore, the Compton electron energy distribution.
The maximum energy transfer occurs when the gamma ray is back scattered and corresponds to the
Compton edge. This is the maximum energy deposited in the liquid scintillator assuming the
probability of multiple Compton scatters in the small detector module is very low.
2.3.4. Summary of Expected Scintillation Light
Many factors will affect the actual scintillation light produced inside the OLS filled
fluoropolymer tube. Based on the initial calculations the expected scintillation light is
summarized in Table 2.2. In general, the detection module must be able to detect a localized
signal of 10,000 photons produced anywhere along its length of 2-meters. For a detection
module with a 1:400 ratio of diameter to length, efficient light collection becomes critical.
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Table 2.2. Estimated Light Production for Muons, Neutrons, and Gamma Rays
Incident Expected Secondary Expected
Particle Energy Particle Scintillation Light
c E(Photons)
Muon 4 GeV NA 11,000
Neutron 2-6 MeV Proton 1,600 - 10,400
Gamma Ray 1.001 MeV Electron 9,200
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3. Analysis of Light Collection Options
As discussed in chapter 1, the cosmic ray imaging (CRI) prototype was constructed
using 5 mm diameter by 1-meter long plastic scintillating fibers because the OLS filled PTFE
tubes demonstrated extremely poor attenuation. Since plastic fibers are not a viable option for
scaling the CRI up to a 2-meter length, an alternative OLS based system is still required. With
a 1:400 diameter to length ratio, an efficient method to propagate the scintillation light
produced in the liquid scintillator to the photomultiplier tube (PMT) is critical.
A potential solution is to couple a wavelength shifting (WLS) fiber to the OLS filled
PTFE tubing. The OLS light entering the WLS fiber is first absorbed and then isotropically
re-emitted at longer wavelengths. Due to total internal reflection (TIR), the WLS fiber
channels the portion of the photons re-emitted at angles greater than the critical angle down the
fiber to the PMT.
To understand fully the optical parameters that caused the poor attenuation length in
the OLS filled PTFE tubing and to evaluate potential WLS fiber configurations a three-
dimensional light propagation simulation was created. In this chapter, I first review the
important principles of light propagation to include the law of refraction, Fresnel's formulas,
TIR, and specular and diffuse reflection. I also highlight Janecek and Moses' recent work on
characterizing common reflector materials, which provides the probability distribution
functions used in the simulation to determine the angle of reflection at the fluoropolymer
boundaries. 30-34 Next, I describe the simulation and compare its results to initial measurements
of the OLS filled PTFE tubes. Finally, I modify the simulation to incorporate WLS fibers to
read-out the scintillation signal to the PMTs and estimate the expected signals.
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3.1. Important Principles of Light Propagation
In my simulation, the fundamental light propagation principles applied are the law of
refraction, Fresnel's formulas, TIR, and specular and diffuse reflection. The law of refraction,
also called Snell's law, states light incident on a boundary between two materials with different
indices of refraction will follow nj sin 6; = n2 sin 6t where the incident angle relative to the
normal is 0j, and the transmitted angle relative to the normal is 6 t as shown in Figure 3.1.
Fresnel's formulas, derived from Maxwell's equations, give the intensities of the reflected and
transmitted electromagnetic waves. The reflection coefficients for polarization parallel and
perpendicular to the surface are:
R = ni Cos ern2 COS Ot 2 R = n2cos Oi-n cos 6t 12 (3.1)n1 Cos ei+n2 COS 01 in1 Cos Ot+n2 COS Oi
and the transmission coefficients for polarization parallel and perpendicular to the surface are:
T11 = 1 - R11  T = 1 - R1 .3 5  (3.2)
k diffuse A
incident - ------ i specular
\ !'
ni' boundar
n2
transmitted
Figure 3.1. Diagram of light incident on the boundary between two materials with indices of refraction
ni and n2. The transmitted light obeys the law of refraction. The direction of the reflected light will
depend on the nature of the boundary. In specular reflection, Gi = ,. In diffuse reflection, the reflected
angle is random is random in nature.
47
Since the OLS produces scintillation photons with random polarization, the average of
the parallel and perpendicular coefficients are used. Figure 3.2 shows the reflection
coefficients for light in the PTFE (n1 = 1.37) wall incident on EJ-309 (n2 = 1.57) and for
light in the EJ-309 (n, = 1.57) incident on PTFE (n2 = 1.37) as a function of incident
angle, Qi. The bottom graph also shows the conditions for TIR. Light that is incident on a
medium having a lower index of refraction than the current medium and incident at angles
greater than the critical angle, Oc, will have a reflection coefficient equal to 100% (R= 1).
Reflections are generally characterized as specular or diffuse, as illustrated in Figure
3.1. In specular reflection, the reflected angle is equal to the incident angle. In diffuse
reflection, the reflected angle is pseudo-random with a distribution based on the material
properties. Most materials display some combination of specular and diffuse properties;
becoming more diffuse at small angles of incidence and becoming more specular at large angles
of incidence. Janecek and Moses characterized many common reflectors materials (e.g., PTFE
and titanium dioxide, TiO2) to include the materials' diffuse and specular behavior as a function
of incident angle.3 0-34 They used the experimental setup shown Figure 3.3 with a 440 nm laser,
which is closely matched to EJ-309's peak emission wavelength, to measure the angular
response in 40 increments in the 6 direction and 50 increments in the 4 direction. The results
for PTFE, also in Figure 3.3, shows predominantly diffuse reflections except at large incidence
angles, for the laser source. The angular distributions for PTFE and TiO2 were used as
probability distribution functions in the simulation to determine the angle of reflection at the
boundaries.
48
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Figure 3.2. Plots of reflection coefficients based on Fresnel's formulas for boundaries between EJ-309
(n = 1.57) and PTFE (n = 1.37). Top: Light entering EJ-309, having a higher index of refraction than
PTFE, will not experience TIR. Bottom: Light entering PTFE, having a lower index of refraction than
EJ-309, will undergo TIR at incidence angles greater than the critical angle, Oc, i.e., for Oi > Oc,
R=100%.
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Figure 3.3. Measurements of optical properties of common reflectors. Left: Experimental setup to
determine the reflective properties where OL is the laser angle of incidence, and OD and + describe the
position of the detectors that measure the reflected laser light. Image taken from Janecek and Moses.3 4
Right: Measurement of PTFE reflectivity as a function of OD at +=OO for laser angles of incidence equal
to 420, 500, 580, 660, and 74'. PTFE shows a predominantly diffuse reflectivity with specular properties
at larger laser angles of incidence. Image taken from Janecek and Moses.
3.2. Model of Light Propagation
3.2.1. Light Propagation in Plastic Fibers
The propagation of light in a plastic scintillating fiber with an outer cladding is
significantly different from the propagation of light in a PTFE tube filled with organic liquid
scintillator. Careful control of the interface between the core and the outer cladding is possible
in the drawing process of a plastic fiber, which results in a mostly specular interface with
minimal wall losses. 36 The cladding-air interface is more difficult to control and susceptible
to damage from handling, which results in rapid attenuation, within tens of cm, of light trapped
between the cladding-air interface and the cladding-core interface.
Light incident on the core-cladding interface at incident angles, measured from the
surface normal, greater than the critical angle, 0c, experience total internal reflection (TIR) and
are trapped in the fiber. The trapping efficiency, et, is defined as the fraction of isotropic light
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from a point inside the fiber that experiences TIR. At points along the axis of the fiber, the
trapping efficiency is
Et= f|2r = (2lr -c sin 0 dG dp /2n (3.3)
where fl is the solid angle of the cone defined by the critical angle 6. For circular fibers, the
trapping efficiency increases as the radial distance from the central axis increases. Attenuation
of the trapped light does occur and is primarily due to diffusion and absorption in the core
material. 37 A typical plastic fiber has a trapping efficiency of 3%-6% and over 60% of its light
remaining at 1-meter.3 8
Note that assuming specular reflections for our OLS filled tube, the trapping efficiency
would be over 12% and nearly 40% of its light would remain at 1-meter, but measurements
show a much poorer performance.
3.2.2. Description of Simulation
In order to understand the effects of the OLS-fluoropolymer interface causing this poor
light propagation performance and to consider alternative module configurations, a three-
dimensional light propagation model was written. The simulation characterizes the light
collection of the OLS-fluoropolymer tube as a function of radial and axial position and
independent of the type of radiation incident on the module.
In contrast to the specular reflections of the plastic fiber, here we assume a mixed
specular/diffuse behavior at the tubing wall containing the OLS. In this case, photons at any
point can be reflected outside of the trapping cone (i.e., at an incident angle smaller than the
critical angle) which results in light loss out of the tube and poorer channeling. Shown in
Figure 3.4 is a schematic of the initially proposed detection module. In the simulation
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developed, the tube length, inside and outside diameters, and reflection properties of the inner
walls are parameters that can be modified.
Fiber Optic Incident Fiber Optic
Taper Radiation Taper
Lef --------------------- -k ------------------ Righit
-M - - -- -- ------------ f - -- -- - --- - -- --- - --- PMTf
' OLS_ 5mm Fluoropolymer Tube
Figure 3.4. Schematic of organic liquid scintillator filled fluoropolymer tube (not to scale).
The flow of the simulation is show in Figure 3.5. The configuration file establishes
key parameters such as the dimensions of the system, the indices of refraction for all materials,
and the number of photons to be tracked, N. Each tracking loop starts with a photon at a known
location with a known trajectory and ends with a new location and trajectory or the termination
of the photon (e.g., the photon is collected in the PMT or it exits out the side). Initially, each
photon is created isotropically at a given start position, giving the photon its initial position
and direction. The photon is then tracked as it moves to and interacts with the next boundary.
The simulation determines if the photon crossed the end of the tube before it reached the
boundary, where it assumes it will be collected at the PMT. If the photon is located on the
cladding-air interface and no surface is intersected then the photon is exiting the tube in an
outward direction and the photon is lost.
If the photon survives to a boundary, the type of interaction, reflection or transmission,
is determined based on the materials' properties, and the incident angle relative to the surface
normal. Fresnel equations are used to determine the probability of reflection unless n, > n2
and the incident angle is greater than the critical angle, in which case TIR occurs and the
probability of reflection is 100%. The surfaces can be treated as specular or the angular
distributions from Janecek and Moses' work can be used if the surface displays both specular
and diffuse properties. If the photon is transmitted, the law of refraction determines the angle
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of transmission. The photon's position and direction are updated and the process is repeated
until the photon is collected in the PMT or escapes. The distance travelled by each photon is
tracked and after the simulation each photon is weighted by W0 att = e X/", where x is the path
length and A is the attenuation length of the material.
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Figure 3.5. Flow diagram for light propagation model. Blue items are simulation modifications
discussed in section 3.3.1.
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Example photon paths in a small section of the PTFE tubing is shown in Figure 3.6.
The simulated photons are isotropically created at the center of the tube, the green lines
represent the photon paths and the red points are outer wall transmissions. Photons emitted at
incident angles greater than the critical angle undergo diffuse reflections, which results in most
photons transmitted out of the tube within a small number of wall interactions and near the
point of creation. As expected, the photons emitted at incident angles less than the critical
angle are immediately transmitted and lost which can be seen by the density of red points.
SOW,
Figure 3.6. Example of photon paths in PTFE tubing from an isotropic point source located in the
center of the tube. Green lines represent the photon paths and the red points are outer wall
transmissions.
3.2.3. Analytical Estimation
An estimation of the signal attenuation can also be approximated by discretizing the
angle 0 based on the number of reflections a photon will undergo to reach the end of the PMT.
In order to do so we have to assume specular reflections at the boundary between the OLS and
the inner wall of the PTFE tube. The first angular group, i = 0, exits directly out of the tube
with no reflections, n = 0, and is shown with a red line in Figure 3.7. This first angular group
starts at 00 = 0 (i.e., along the z-axis) and goes to an angle that subtends the opening of the
tube, 01. The next group includes all angles in which the photon experiences one reflection
before reaching the end of the tube, t6l to 02, as shown between the red and blue lines. This
discretization continues until the angle is Oi,,ax = 90' - 0,. Photons emitted at angles larger
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than 90* - 0, are lost via transmission through the walls. The number and size of the angular
groups varies with the distance to the PMT. Each group represents a fraction, wi, of the
isotropic photons emitted in the positive z-direction (i.e., a fraction of 2a sr.) and is calculated
as:
Wi = fli/2T = (fr fe+1 sin 6 dO dp) /21T. (3.4)
Photons emitted at angles 0 < 10' comprise 12% of the TIR photons while photons emitted at
angles 10* < 0 < 90 - 0, comprise 88% of the TIR photons.
n=3 n=2 n=1 n=O
O,
1 Distance to PMT
Figure 3.7. Discretization of the angle 0 for an analytical approximation of signal attenuation. The
angles are grouped based on the number of specular reflections, n. Photons emitted at larger 0
experience more reflections before reaching the end of the tube.
We have now discretized the isotropic light based on the number of reflections and
therefore can estimate the reflection losses for each group, pi = R 7i1 where Ri is the
reflectivity that is assumed constant for each group and ni is the number of reflections or wall
bounces. For example, assuming group 10 has a reflectivity of 95%, the reflectivity loss for
group 10 is pio = 0.9510 = 0.599 . It is important to re-iterate that although group 10 will
always experience 10 reflections, both wiand pi will be dependent on the distance to the PMT,
i.e., position along the z-axis.
Similarly, we can estimate the attenuation loss in the OLS for each group, aj, using an
average path length for each group as a function of z, the distance to the PMT. The symmetry
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of specular reflection gives d(z, 6) = z/ cos 6 independent of the number of reflections. The
average path length for each group (di (z)) is then:
fr E+1 dsinOd+ f9 '+tandO
(di(z)) = f2WfL' coso = zdi = (3.5)
fof~foj+isin Oded+ f;L+1 sin OdO
The integration in the numerator of equation 3.5 weights each path length with its
corresponding solid angle and dividing by the group's total solid angle provides the average
path length. Using the average path length, the attenuation loss in the OLS for each group is
ai = e-(di(z)/a where A is the bulk attenuation length in the OLS. Although the attenuation
lengths in liquid and plastic scintillators are wavelength dependent, a fixed one meter
attenuation length for EJ-309 is used for all scintillation photons. 2 1, 36, 3 9-42 The losses due to
reflectivity and bulk attenuation in the OLS can now be evaluated separately as a function of z
and 0j.
It is instructive to evaluate these losses for small angles, 6 < 100, and large
angles, 10* < 6 < 900 - 0c, separately, as shown in Figure 3.8. The bulk attenuation losses
for small angles and large angles are nearly equivalent due to the small differences in path
length, e.g., d(90 cm, 0*) = 90 cm while d(90 cm, 900 - 6) = 103 cm. As the distance
from the PMT increases, large angle photons experience a greater number of reflections and
reflection losses quickly increase. Small angle photons do not experience the same increase in
the number of reflections. The result, shown as "Total - Small 6" and "Total - Large 6", is
that large angle photons contribute the bulk of the signal for the first 30 cm and small angle
photons contribute the bulk of the signal past 50 cm. As discussed earlier, small angle photons
comprise only 12% of the TIR photons and at 90 cm only 3% of the TIR photons reach the
PMT.
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Figure 3.8. Analytical characterization of light losses in OLS filled PTFE tubing assuming specular
reflections with -90% reflectivity and a bulk attenuation length of 1 meter. Large 0 photons, 0 > 100,
contribute the majority of the signal for the first 30 cm while the small 0 photons, 0 < 10', contribute
the majority of the signal for the last 50 cm. The signal is attenuated by more than an order of
magnitude within 90 cm. See text for additional information.
For a given distance from the PMT, z, the number of photoelectrons produced at the
photocathode of the PMT is then Npe(z) = QE So Eima pi a wi where the quantum
efficiency of the PMT is QE and So is the initial number of photons created in the OLS. As
discussed above, oi is the fraction of photons with attenuation and reflection losses a and pi,
respectively. Then one has:
\ max - 1 6 dfi
Npe(Z) = QE S = e-d(zIA R (61) sin d. (3.6)
3.2.4. Comparing Modeled, Analytical, and Experimental Data
A one-meter long PTFE tube with an inner diameter of 5.28 mm was filled with EJ-
309 and spectra from a Sr-90 beta source were measured in both left and right PMTs as the
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source was positioned along the length of the tube. Optical tapers were used to seal the tubes
and allow the scintillation light to enter Hamamatsu R6095 PMTs located at each end of the
tube." A third PMT, a Hamamatsu H8500, was used to trigger the data acquisition system.4 4
The H8500 was positioned along the length of the tube opposite of the Sr-90 source as shown
in Figure 3.9. The large amount of light escaping the sides of the tube provided a consistent
trigger at all source positions. Although there is still a threshold effect due to the H8500, it is
not dependent on the attenuation of the propagated light signal reaching the end of the tubes,
either due to bulk attenuation or reflection losses.
OLS filled tube
L- HVj; H_
Signal (trigger)
Signal CAEN V1751 CAEN V1718 Computer
Digitizer VME-USB Bridge
Signal
Figure 3.9. A portion of the light escaping the OLS filled PTFE tube is captured by a H8500 PMT that
triggers the acquisition of the end PMTs.
The large variation in signal strength as a function of source position and the 1-volt
dynamic range of the CAEN Model 1751 Digitizer required the high voltage to each PMT be
varied to ensure the full spectrum at each position was collected." Therefore, to compare
spectra from position to position required the gain of each PMT, as a function of high voltage,
be characterized. A short plastic scintillating fiber with a 90Sr attached at a fixed location was
used as an unchanging light source as spectra were measured at high voltages ranging from -
1250 V to -1475 V. The gains observed were consistent with the manufacturer provided
information. The calibrated gain as a function of high voltage for each R6095 PMT was then
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used to convert the digitized pulses captured to the number of photoelectrons at the
photocathode. The number of photoelectrons, Npe, is calculated as:
Npe = Q e- 1 G- 1 = (t Z ov/R) e-1 G- 1  (3.7)
Where, Q is the integrated charge, Z vi is the sum of the voltage measurement in the pulse, t
is the time interval between the digitized samples (i.e., the inverse of the digitizer's sampling
rate), e is the charge of an electron, R is the digitizer input impedance (50 LI), and G is the gain
of the PMT as a function of high voltage.
Figure 3.10 shows a typical 15-minute measurement and highlights the original
problem encountered in the CRI development; the poor attenuation in the OLS filled PTFE
tubing. The Sr-90 source was positioned 75 cm from the left PMT along the 1-meter tube. The
means of the left and right PMT signals, (3.8 3) p. e. and (29 16) p. e., demonstrate the
significant attenuation of light occurring over the short distance of 75 cm. Of the 15,710 events
triggered by the H8500 in this 15-minute measurement, more than 40% of the left PMT signals
fall below a measurable cutoff while only 3% of the right PMT signals were below a
measurable cutoff, demonstrating again the significant attenuation effects.
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OLS Filled PTFE Tubing - 75 cm from Left PMT
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Figure 3.10. Left and right PMT signals using an OLS filled PTFE tubing with a Sr-90 source located
75 cm from the left PMT. The left PMT signal demonstrates the signals significant attenuation in just
75 cm. More than 40% of the left PMT signals fall below a measurable cutoff while only 3% of the
right PMT signals were below a measurable cutoff
In general, we expect the mean of these spectra to have an exponential decrease with
increased distance from the PMT. Figure 3.11 shows the measured data from the left and right
PMTs compared with two modeled data sets ran with wall reflectivity of 85% and 95% and
with two analytical estimations using reflectivity of 90% to 94% and 88% to 92%. All data
sets show that the attenuation length is not constant along the length tube. Typical of narrow
light guides, the section closest to the PMT has a small attenuation length resulting in more
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than 90% signal loss in the first 50 cm. Both the modeled data and the analytical data support
this being attributed to the rapid loss of the large angle signal. In the analytical calculation,
photons emitted at these angles are rapidly lost due to the large number of reflections. In the
model, they are lost because their reflections are determined by a more diffuse probability
distribution function resulting in more transmission losses. Very few model photons undergo
more than ten reflections resulting in relatively consistent reflection losses as shown with the
modeled 85% and 95% reflectivity data. Overall, this provides confidence that the model is
consistent with experimental results and can be used as a guide to evaluate other potential
solutions.
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Figure 3.11. One meter long EJ-309 filled PTFE tube (4AWG). Comparison of modeled, analytical,
and experimental data. The large attenuation in the first 50 cm makes reading the OLS light at the
end of the tube impractical.
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3.3. Modeling the Wavelength-Shifting Fiber Read-out
The poor attenuation in the OLS filled fluoropolymer tube makes direct measurements
at its ends impractical at lengths over 50 cm. A potential solution is to use WLS fibers to read-
out the OLS scintillation light to the PMTs. Scintillation light that enters the WLS fiber is
absorbed and isotropically re-emitted at a longer wavelength. The WLS fiber then acts as a
light guide and channels the re-emitted light to the PMTs. Light propagation in WLS fibers
occur through the same TIR process however, in this case the reflection and bulk attenuation
losses are far smaller. To estimate the expected signal from an OLS-WLS fiber coupled system
the previous light propagation simulation was modified to include photon absorption in the
WLS fiber.
3.3.1. Properties of Wavelength Shifting Fibers
There are many variations of WLS fibers but two primary vendors are Saint-Gobain
Ceramics & Plastics Incorporated and Kuraray America, Incorporated. The majority of
measurements performed in this work use 1mm and 2mm diameter BCF-91A fibers with a
single cladding manufactured by Saint-Gobain.38 Shown in Figure 3.12, these fibers consist of
a polystyrene core (nps = 1.60) and a PMMA cladding (nPMMA = 1.49) giving a trapping
efficiency along the axis of 3.4% to approximately 7% near the core-cladding interface.
A second cladding of a fluorinated polymer (nFP = 1.42) is an available optional for
most fibers. The additional cladding improves the trapping efficiency along the axis to 5.6%
but based on the configuration it may reduce the number of photons entering the WLS fiber.
Figure 3.13 shows a muon creating isotropic scintillation light in the OLS along its path.
Scintillation light entering the WLS fiber has a probability of being absorbed and re-emitted,
PWLS, equal to:
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PWLS = (1 - ex/eMFP(AInc)) * -RE
where x is the path length of the light through the WLS fiber, eMFP (Anc) is the mean free path
of a photon of wavelength Ainc inside the WLS fiber , and ERE is the re-emission efficiency
quoted as 85% from Saint-Gobain.46
Incident Lost Optical Cladding Scintillating Core
Photon Photon n=1.49 n=1.60
12= (3.4% x 21r) sr
I68.6"
Total Internal Total Internal
Reflection Reflection
Figure 3.12. Saint-Gobain wavelength shifting fiber BCF-91A diagram.38 Photons entering the WLS
fiber can be absorbed and re-emitted isotropically at longer wavelengths. Only photons re-emitted
such that their incident angle at the core-cladding interface is greater than the critical angle are
channeled down the fiber.
Muon
WLS x1
OLS X2
Figure 3.13. Example of WLS fiber capturing OLS light produced by a muon. As scintillation light
is produced in the OLS a portion will enter the WLS fiber. The probability that the light will be
absorbed depends on the path length of the light through the WLS fiber, e.g., xi and x2.
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(3.8)
The mean free path of an incident photon of wavelength A,,, inside the BCF-9 IA fibers
is shown in Figure 3.14. A 425 nm wavelength photon (the peak wavelength for many common
OLS) has a mean free path of 0.21 mm inside the WLS fiber. The probability this photon will
be absorbed along a 1 mm path through the WLS fiber is over 99% giving the probability of
being absorbed and re-emitted, PWLS = 84.3%. Based on a specific OLS - WLS fiber
combination, an average mean free path (I9 MFP) can be calculated as
(MFP)=- fnmaeMFP V) finc ( d2. (3.9)
where fin(A') is the probability distribution function describing the OLS emission spectrum
and Amin and Amax are the minimum and maximum OLS wavelengths.
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Figure 3.14. Mean Free Path in Saint-Gobain WLS fiber as a function incident photon wavelength.
The mean free path for a 425 nm wavelength photon, the peak wavelength for many common OLS, in
the BCF91A is 0.21 mm, i.e., near the minimum mean free path as required for optimal photon
absorption and re-emission.
Minimizing the average mean free path of an OLS - WLS fiber combination maximizes
the probability of absorption in the WLS fiber, i.e., PWLS is maximized. This also follows from
the fact that the absorption spectrum in the WLS fiber is inversely related to the mean free path
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in the WLS fiber, i.e., higher absorption occurs when the mean free path is smaller. The EJ-
309 emission spectrum closely matches to the BCF-91A absorption spectrum as shown in
Figure 3.15. Also shown is the WLS fiber emission spectrum and the small overlap with the
WLS fiber absorption spectrum in the 460 nm to 470 nm region that will result in a small
amount of self-absorption losses.
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Figure 3.15. EJ-309 emission spectrum" and Saint-Gobain BCF-91A WLS fiber absorption and
emission spectra.38 Emission and absorption are well matched to maximize wavelength shifting. Small
overlap between WLS fiber emission and absorption minimizes self-absorption.
Adjustments made to the previous light propagation model to include WLS fiber
absorption are shown in Figure 3.5 highlighted in the blue. First, the path of the photon is
tested to determine if it intersects the WLS fiber based upon the geometry established in the
configuration file. If the photon intersects the WLS fiber, the probability of reflection is again
calculated using Fresnel equations and the outer PMMA cladding is treated as specular. If the
photon is transmitted into the WLS fiber, the path length from the entry point along the
refracted trajectory to an exit point is calculated and the photon is absorbed in the WLS fiber.
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The model does not consider the small possibility that the photon will pass through the fiber.
The path length in the WLS fiber and the re-emission efficiency are used to weight the absorbed
photon. If the photon is reflected at the WLS fiber interface, a new direction is calculated and
the simulation continues until the photon is absorbed in the WLS fiber, escapes, or is killed.
3.3.2. Expected Light Collection Using WLS Fiber
To compare the expected WLS fiber signal to the OLS filled PTFE signal, the number
of photoelectrons produced at the PMT from the WLS light can be calculated using, Npe =
Nphotons(z) QE, where
Nphotons(z) = ETrap EAtt(Z) (S0 EWLS PwLS) (3.10)
and So is the initial number of photon produced in the OLS, EWLS is the probability of a photon
entering the WLS, PWLS is the probability of absorption and re-cmission in the WLS fiber,
8Trap is the trapping efficiency of the WLS fiber, and EAtt(z) is the attenuation of light
propagating through the WLS fiber and is position dependent. As described in section 3.3.1,
the modified simulation is used to estimate the probability of a photon entering the WLS fiber,
EWLS, and the probability of absorption and re-emission, PWLS-
A 2mm diameter WLS fiber was modeled running along the axis of the OLS filled
PTFE tube. The WLS fiber is submerged in the OLS as shown in Figure 3.16. The simulation
initiated 100,000 photons at various radii between the outer wall of the WLS fiber and the inner
wall of the PTFE tube. As can be seen from Figure 3.13, the probability of entering the WLS
fiber will vary radially. We found this was 74% near the WLS fiber outer wall and 56% near
the inner wall of the PTFE tube giving a weighted average EWLS = 0.59 + 0.04.
Correspondingly, the average photon path length in the WLS fiber was determined in the
simulation to be (1.12 0.02)mm. Assuming a mean free path for all photons to be 0.21 mm
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(using the OLS emission peak wavelength of 425 nm) gives the probability that a photon
entering the WLS fiber is absorbed and re-emitted to be PWLS = 0.846. Based on EJ-309
producing 11,500 photons per 1 MeV electron, the estimated Np, for a 0.5 MeVee, 1.0 MeVee
and 2.2ee MeV energy loss without attenuation effects, i.e., EAtt = 1, is 22 p. e., 43 p. e., and
95 p. e., respectively.
Figure 3.16. Example of modeled configuration with 2mm diameter WLS inside OLS filled AWG4
PTFE tube.
A small prototype using a 2 mm diameter WLS fiber inside an EJ-309 filled PTFE tube
with a 5.28 mm inner diameter was built and spectra were measured using 90Sr and I37Cs. In
Figure 3.17, the simulated signals for a 0.5 MeVee, 1.0 MeVee and 2.2 MeVee without
attenuation effects are shown as dashed lines with the 90Sr and 137Cs spectra. The Sr-90 betas
have a maximum energy at 2.2 MeV and the Compton continuum for the 0.662 MeV Cs-137
gamma ray starts at approximate 0.5 MeV, corresponding well with the simulated values.
Our initial estimate of the number of photons produced by a muon inside the OLS was
11,000, which is close to 11,500 produced by a 1 MeV electron. Using the I MeV electron
simulated signal the muon signal is estimated to be 41 p. e. without attenuation effects. The
manufacturer stated attenuation length for BCF-9 IA is 3.5 meters, giving the attenuated signal
2 meters from a muon interaction point approximately equal to 22 photoelectrons. 38 Assuming
the PMT pulse is triangular with a width of t, i.e., the area of the pulse is (Vmax t)/2, gives a
maximum voltage of
Vmax = 2(R - Npe - G - e)/t. 3.11
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Using Npe = 22 p. e., G = 2.1 x 106 , t = 15 ns , and R = 50 f gives Vmax ~ 49.9 mV, a
reasonably discernable pulse. Based on these results, the WLS fiber coupled to an OLS filled
fluoropolymer tube may be a viable solution for the CRI.
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Figure 3.17. Sr-90 and Cs137 spectra collected using a 2mm WLS inside an OLS filled PTFE tube.
Modeled signal for a 0.5 MeVee, 1.0 MeVee, and 2.2 MeVee, marked with dashed lines, are included
for comparison.
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4. Detector Module Fabrication and Testing
Before constructing the full two-meter detector modules, an optimal configuration
based on available materials needed to be identified. We considered several arrangements of
organic liquid scintillators (EJ-305 and EJ-309) coupled to fluoropolymer tubes (fluorinated
ethylene propylene (FEP), and PTFE) of different diameter and with one or more WLS fibers
inside the tube submerged or attached to the outside. The ten configurations considered are
listed Table 4.1. Based on several factors, configuration number 8, with two 2mm diameter
WLS fibers attached to the outside of an EJ-309 filled FEP tube, was selected. This choice is
motivated by the results in the next sections. The attenuation length of a full two-meter
detection module using this configuration was then characterized.
Table 4.1. Sample Detection Module Configurations Tested.
Number OLS WLS Fiber Tu Ext. Material
_____________Dia. Position Qt. Mat. _______
1 EJ-309 2 mm Internal 1 FEP None
2 EJ-309 2 mm Internal 1 PTFE None
3 EJ-309 2 mm External 1 PTFE Teflon Tape
4 EJ-309 2 mm External 1 FEP Teflon Tape
5 EJ-305 2 mm External 1 PTFE Teflon Tape
6 EJ-305 2 mm External 1 FEP Teflon Tape
7 EJ-309 1 mm External 3 FEP Teflon Tape
8 EJ-309 2 mm External 2 FEP Teflon Tape
9 EJ-309 2 mm External 2 PTFE Teflon Tape
10 EJ-309 2 mm External 4 FEP Teflon Tape
4.1. Detector Module Materials
4.1.1. Choice of Organic Liquid Scintillators
Two Eljen Technologies' OLS, EJ-309 and EJ-305, were used to evaluate potential detector
module configurations. Some of their physical properties are summarized in Table 4.2. The
BCF-10 plastic scintillating fiber and EJ-321-H, a mineral oil based OLS, are also listed for
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comparison. In order to minimize the quenching effect of dissolved oxygen, nitrogen was
bubbled through the OLS before use. Also, a syringe pump and a long thin tube were used to
slowly pump the OLS into the larger fluoropolymer tubing. This allowed the tubing to be filled
from the bottom minimizing captured air bubbles and additional exposure to oxygen during the
filling process.
Table 4.2. Physical Properties of Organic Liquid Scintillators.
Material Pehotons Specific Index of Flash Point Tme LengthMaeralPe 1evGravity Ref. PSD (oCfF) Time Lengt
electron (ns) (m)
EJ-305 12,000 0.893 1.505 No 45/113 2.7 >3
EJ-309 11,500 0.964 1.57 Yes 144/291 3.5 >1
EJ-321-H 7,800 0.86 1.48 No 81/178 2.0 >5
BCF-10* 8,000 1.05 1.60 No 50/122** 2.7 2.2
*Plastic scintillator data for reference **Maximum operating temperature
EJ-305 and EJ-309 have similar scintillating properties. EJ-305's lower index of
refraction is preferred for external configurations in which maximizing the transmission of
light through the tubing corresponds to maximizing the ratio of the indices of refraction of the
tube to the OLS, ntube/noLS EJ-305 also has a slightly better attenuation length and decay
time. It is important to recall that the bulk attenuation of the OLS is not a critical property
because the majority of photon losses are due to wall interactions. EJ-305 has a slightly higher
photon production than EJ-309 but because of its lower density, muons will produce a few
percent more photons in EJ-309 than in EJ-305. EJ-305, unlike EJ-309, does not have pulse
shape discrimination capabilities, limiting its suitability for the fast neutron detection
application. Its lower flash point and higher toxicity also makes EJ-305 less desirable for man-
portable detection systems such as the proposed fast neutron detector.
Both EJ-305 and EJ-309 do chemically react with the polystyrene core of the WLS
fiber although EJ-305 is more aggressive. In order to test the viability of the proposed read-
out scheme (Figure 3.16) the end of a 2mm diameter WLS fiber sample was submerged in EJ-
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309 exposing the core to the OLS. The EJ-309 slowly dissolved the core leaving only the
PMMA cladding as shown in Figure 4.1. In order to test the long-term effects on the cladding
and its ability to protect the polystyrene core, small samples of PMMA tubing were partially
submerged in EJ-305 and EJ-309 for six months. The EJ-309 sample did not show any visible
signs of an interaction and when manipulated the sample did not appear more brittle than an
un-exposed sample. The EJ-305 sample showed a clear degradation in the material as shown
Figure 4.2. Although it is unclear if the degradation would have resulted in a breach of the
cladding a decrease in optical performance is a reasonable expectation. Based on these results,
detection module designs that have WLS fiber submerged in EJ-305 are considered unviable
for long-term applications. This does not preclude EJ-305 for use with external WLS fibers,
as no reactions with the fluoropolymer tubes were observed.
Figure 4.1. The WLS fiber polystyrene core was dissolved by EJ-309 at room temperature leaving
behind the outer PMMA cladding.
Figure 4.2. PMMA tubing before (top) and after (bottom) being submerged in EJ-305 for six months.
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4.1.2. Choice of Fluoropolymer Tubes
The initial CRI concept looked for OLS-fluoropolymer tube combinations that
maximized TIR, i.e., the light signal propagated along the tube. This corresponds to
minimizing the ratio of the indices of refraction of the tube to the OLS, ntube/nOLS, and is
opposite to requirements for an external WLS fiber, which are to minimize TIR in the OLS in
order to collect more signal.
For internal WLS fiber configurations the tube index of refraction is less important and
maximizing the ratio of the indices of refraction of the WLS fiber cladding to the OLS,
nWLS cladding/nOLS, will improve the light transmission into the WLS fiber. In other words,
light propagated along the tube favors larger nOLS (e.g. EJ-309) whereas light collected with
an external WLS fiber favors low nOLS (e.g. EJ-305). Two fluoropolymer tubes made of PTFE
and FEP were tested in various combinations with the OLS and WLS fibers. Table 4.3
summarizes the physical properties of the tubing.
Table 4.3. Physical Properties of Fluoropolymer Tubes.4 7
Index of Optical Inside Dia. Wall Thk. DensityTube Name Ref. Clarity (mm) (mm) (g/cm 3)
PTFE Polytetra- 1.35-1.37 Opaque 5.28 0.2 0.51 0.1 2.15fluoroethylene
FEP Fluorinated ethylene 1.338 96% 5.28 + 0.2 0.51 0.1 2.20propylene
These are common tubing materials and can be obtained in a wide range of diameters
and wall thicknesses. Tests were conducted on PTFE and FEP tubing, both with a 5.28 mm
inside diameter and a wall thickness of 0.51 mm, manufactured by Zeus Industrial Product,
Inc. FEP has excellent optical clarity allowing for a thicker wall if durability was determined
to be a concern. Although PTFE is considered an opaque material, at wall thicknesses of 0.51
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mm it is translucent, allowing light produced in the OLS to be transmitted for potential
absorption in an external WLS fiber.
4.1.3. Choice of Wavelength Shifting Fibers
Single-clad, BCF-91A WLS fibers with 1 mm and 2 mm diameter were ordered from
Saint-Gobain and delivered on 30" diameter spools as show in Figure 4.3. Each fiber had to
be cut to length and the ends sanded and polished by hand to ensure a good optical connection
to the PMT. A course grit (600) sandpaper was first used to smooth the rough-cut edge
followed by a fine grit (1200) sandpaper. A figure eight motion was used to minimize the
surface scratches. A polishing pad was then used for the final stage. Examples of the rough-
cut WLS fiber and the fully polished WLS fiber are shown in Figure 4.4. When multiple fibers
are used, they are sanded and polished together as shown in Figure 4.5.
Figure 4.3. Spool of 2 mm diameter BCF-91A wavelength shifting
Ceramics & Plastics, Inc.
er manufactured by Saint-Gobain
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Figure 4.4. Example of WLS fiber before (left) and after (right) sanding and polishing.
Figure 4.5. Multiple WLS fiber configurations are sanded and polished together to improve the optical
connection to the PMT. A white Teflon collar (right) was used to hold the three 1 mm diameter WLS
fibers together.
There are advantages and disadvantages to using single-clad versus multi-clad WLS
fibers. The multi-clad WLS fibers would have better light transmission along the fiber to the
PMT and be less susceptible to light losses due to damaged cladding. However, in the internal
configuration, the lower refractive index of the additional cladding would reduce the light
transmission into the WLS fiber reducing the amount of light to be channeled to the PMT. It
is not expected that either of these effects would be significant. When ordering the WLS fiber
from Saint-Gobain they were not able to produce multi-clad WLS fibers due to mechanical
problems, making a comparison of the single-clad and multi-clad WLS fibers not possible.
4.2. Sample Detection Module Testing
The experimental setup used to test the sample detection modules is similar to the setup
described in Chapter 3 with small modifications as shown in Figure 4.6. The Sr-90 source was
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placed six inches from the end of the WLS fiber. Again, the H8500 provides a reliable trigger
when the Sr-90 betas deposited energy in a small region in front of the H8500. When Teflon
or aluminum tape was used as an external reflector, a 1.5 cm space, slightly wider than two
H8500 pixels, was left uncovered to allow light to escape to the H8500. A CAEN V1751
digitizer was used to collect the WLS fiber and the OLS spectra from the R6095 and H8500
respectively. The areas of each digitized pulse were calculated and fit to a distribution as
shown in the next section.
6"
OLS filled tube
WVLS
Signal (trigger) L-
Signal CAEN V1751 CAEN V1718
Digitizer VM[E-USB Bridge
Figure 4.6. Experimental setup for sample module testing. A H8500 PMT was used to monitor light
escaping the side of the OLS filled tube. In order to capture events localized at the source, only two
pixels of the H8500 were used. The WLS light was captured by a R6095 PMT and recorded when the
H8500 signal was above an established threshold.
4.2.1. Results for an Internal 2mm Diameter WLS Read-out
Both FEP and PTFE tubing with a 2mm diameter WLS fiber and EJ-309 were used to
test the internal configuration. The WLS fibers were sealed inside each tube using a Teflon
cap as shown in Figure 4.7. The cap provide a tight seal around a single WLS fiber and the
inner wall of the tube. The Teflon cap functioned well for initial testing but a long-term
solution for sealing the tubes around the WLS fiber was not investigated. The difficulty in
machining multiple off- axis holes in the small diameter cap limited the internal configuration
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Figure 4.7. Teflon caps at each end of the fluoropolymer tube provide a seal around a single WLS
fiber and the tube. Clear EJ-309 inside the tube appears yellow due to the submerged WLS fiber.
to only single WLS fiber. The spectra collected for the internal configuration are shown in
Figure 4.8 and summarized in Table 4.4. The majority of the WLS fiber signal is expected to
be from scintillation light entering directly from the OLS into the WLS fiber. This results in
similar signals of FEP and PTFE with mean values of 93.9 0.4 (arb. units) and 102.0 + 0.4
(arb. units), respectively. The slightly higher mean of the PTFE tubing may be caused by its
high reflectivity, allowing for the capture of additional photons that are lost to transmission in
the FEP tubing.
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Figure 4.8. Spectra from Sr-90 using a
309.
2mm WLS fiber inside FEP and PTFE tubing filled with EJ-
Table 4.4. Testing Summary of Internal Configurations with Single 2mm WLS Fiber.
Number Mean OLS WLS Fiber Tube Ext. Material(Arb. Units) Dia. Position Qty. Mat.
1 93.9 0.4 EJ-309 2 mm Internal 1 FEP None
2 102.0 0.4 EJ-309 2 mm Internal I PTFE None
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4.2.2. Results for a Single 2mm WLS fiber - External
An alternative read-out configuration is to place one or more WLS fiber on the outside
of the tubing as shown in Figure 4.9. The external configuration allows for a simpler sealing
solution since the WLS fiber does not have to run through the end cap, although this geometry
reduces the amount of scintillation light entering the WLS fiber. Since the WLS fiber does not
come into contact with the OLS, long-term degradation of the WLS fiber is not a concern and
EJ-305 can be considered. Besides the simplified sealing of the OLS inside the fluoropolymer
tubes, another advantage of the external configuration is the option to increase the number of
WLS fibers. This provides the ability to increase the signal strength, giving a more reliable
measurement and the potential to increase further the length of the system.
Figure 4.9. The external application of WLS fiber read-out allows for different configuration to
optimize the OLS light collected.
Four combinations using a single external 2 mm diameter WLS fiber with FEP or PTFE
and EJ-305 or EJ-309 were tested with a Sr-90 source. The spectra collected for the external
configuration are shown in Figure 4.10 and summarized in Table 4.5. The external
configuration signals are approximately 1/3 of the internal configuration signals seen in Figure
4.8. The 90Sr beta particles immediately start losing energy and producing scintillation light
upon entering the OLS. The internal WLS fiber, in closer proximity to the source than the
external WLS fiber, subtends a larger fraction of the isotropic scintillation light resulting in the
larger signals measured. The spatial distribution of the scintillation light, i.e., the type of
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incident radiation, relative to the location of the WLS fibers will affect the magnitude of the
signals collected for the internal versus external configurations.
Overall, the data shows all external configurations tested to be nearly equivalent. Many
competing factors contribute to the measured mean, such as the quantity and spatial distribution
of the scintillation light produced in each OLS, the clarity of the fluoropolymer tube, and the
critical angle at the OLS-tube interface. A surprising result is the minimal affect PTFE's
opacity has on allowing light to reach the external WLS fiber. As mentioned early, at a wall
thickness of 0.51 mm, PTFE is translucent. As the wall thickness increases, it becomes more
opaque. If thicker walls were required for mechanical integrity, the signal from the external
configuration with PTFE would be reduced and potentially become an unviable option. A
slightly higher mean was observed in the PTFE/EJ-305 combination, 38.0 + 0.2 (arb. units),
over the FEP/EJ-309 combination, 35.9 + 0.2 (arb. units). It is judged that this small
advantage in favor of EJ-305 does not justify the additional issues due to its low flash point
and higher toxicity. Therefore, the following external configurations with multiple WLS fibers
are conducted only with the EJ-309.
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Figure 4.10. Spectra from Sr-90 using external 2mm WLS fiber. Configurations include four
combinations of AWG4 FEP and PTFE tubing with EJ-305 and EJ-309. Note that the optical clarity
of FEP (96% transparent) compared to PTFE(opaque) does not appear to be a critical factor at the
0.51 mm wall thickness. The external configuration signals are approximately 1/3 of the internal
configuration signals seen in Figure 4.8.
Table 4.5. Testing Summary of External Configurations with Single 2mm diameter WLS Fiber.
Number Mean WLS Fiber Tube Ext. Material(Arb. Units) Dia. Position Qty. Mat.
3 33.5 + 0.2 EJ-309 2 mm External I PTFE Teflon Tape
4 35.9 + 0.2 EJ-309 2 mm External I FEP Teflon Tape
5 38.0 + 0.2 EJ-305 2 mm External 1 PTFE Teflon Tape
6 29.2 + 0.2 EJ-305 2 mm External 1 FEP Teflon Tape
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4.2.3. Results for Multiple WLS Fiber - External
Three multiple WLS fiber configurations shown in Figure 4.9 were tested using EJ-
309 and FEP tubing. The four 2 mm diameter WLS fiber configuration was also testes using
PTFE tubing. In this initial testing, only configurations with the WLS fibers adjacent to each
other were used. This allowed for a more consistent placement of the WLS fiber along the
tube. As previously discussed, the type of radiation being measured will affect the optimal
positioning of the external WLS fibers. The final placement of external WLS fibers should be
carefully planned to maximize the scintillation light collected, minimize the loss of active
detection volume in the system and to efficiently route the multiple WLS fibers to the PMT.
The WLS fibers were held against the tubing using Teflon tape while leaving a 1.5 cm space
for light to reach the H8500 PMT.
The spectra collected for the multiple WLS fiber external configurations are shown in
Figure 4.11 and summarized in Table 4.6. Based on the single 2mm diameter WLS fiber
measurement the double and quadruple configurations are expected to be approximately 70
and 140 arbitrary units, respectively. The 2 x 2mm (FEP) mean is 57.6 + 0.3 (arb. units), the
4 x 2mm (PTFE) mean is 133.3 + 0.6 (arb. units), and the 4 x 2mm (FEP) mean is 136.9 +
0.6 (arb. units). Although slightly lower than expected, they are in good agreement with the
expected linear increase. The last configuration uses three 1mm diameter WLS fibers with
FEP tubing. The 3 x 1mm (FEP) mean, 57.0 0.3 (arb. units), is very similar to the 2 x 2mm
(FEP) measurement. Using the 3 x 1mm (FEP) instead of the 2 x 2mm (FEP) provides a
volume per meter reduction of over 60% with a cost reduction of approximately 50%.
Although these are clear advantages, the attenuation length is typically poorer for small
diameter fibers.
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Figure 4.11. Spectra from Sr-90 using external multiple Im and 2mm diameter WLS fibers with FEP
and PTFE tubing filled with EJ-309. The external configuration provides the ability to increase the
number of WLS fibers with the potential to increase further the length of the module.
Table 4.6. Testing Summary of External Configurations with Multiple 1mm and 2mm Diameter WLS
Fibers.
Number Mean OLS WLS Fibers Tube Ext. Material(Arb. Units) Dia. Position Qty. Mat.
7 57.0 + 0.3 EJ-309 1 mm Extemal 3 FEP Teflon Tape
8 57.6 0.3 EJ-309 2 mm Extemal 2 FEP Teflon Tape
9 133.3 + 0.6 EJ-309 2 mm Extemal 4 PTFE Teflon Tape
10 136.9 + 0.6 EJ-309 2 mm Extemal 4 FEP Teflon Tape
83
11,000 Rients
- 3 x 1mm (FEP )
Fit (p = 57, o-= 34)
- 2 x 2mm (FEP )
Fit (p = 58, o-= 32)
4 x 2mm (PTFE)
Fit (p = 133, r= 63)
- 4 x 2mm (FEP )
Fit (p = 137, o-= 63)
-----------------------------
- - - - - - - - - - - - - - - N
4.3. Module Testing Summary
Although the signal measured with a single 2mm diameter WLS inside the OLS is
approximately three times the signal from the same fiber located outside of the OLS, the
challenge of creating a long-term, leak-proof cap makes it a problematic solution. By using
multiple WLS fibers in the external configuration, at the expense of occupying limited space
with inactive detection material and increased costs, larger signals can be produced with less
complicated sealing requirements. For example, the four 2 mm diameter WLS fiber with FEP
tubing and EJ-309 produced a 30% larger signal than the internal WLS fiber configuration.
EJ-309's pulse shape discrimination capability, higher flash point, and lower chemical
toxicity outweighed the slightly superior signal measured with EJ-305. Although there was no
consistent data suggesting the signal from PTFE or FEP outperformed the other, the potential
to use thicker walls or to develop transparent custom drawn tubes that can hold the OLS and
WLS fibers without the need to assemble makes FEP the logical option. Based on these
findings the initial 2 meter detection module will consist of two 2mm diameter WLS fibers
attached to the outside of an EJ-309 filled FEP tube.
4.4. Individual Detector Module Testing
In order to test the 2 meter long detection module, a lightproof container was
assembled. Testing was conducted in the same manner as the small modules, using a H8500
PMT to trigger the pulse collection, with the addition of a second R6095 PMT in order to
measure the signal at each end of the WLS fibers. The testing setup is shown in Figure 4.12.
Using a Sr-90 source, digitized pulses from the left and right PMTs were collected at nine
source locations, every 20 cm, along the module. The mean and standard deviation of each
pulse area spectra were calculated and are shown in Figure 4.13 with the 1-meter OLS filled
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PTFE results for comparison. As was seen with the attenuation of the OLS filled PTFE tube,
the attenuation length is not constant along the length of the module. The initial 80 cm to 100
cm can be characterized with an attenuation length A = 0.8 + 0.1 m. Almost 30% of the signal
remains after one meter as compared to the less than 5% remaining after one meter in the OLS
filled PTFE tubing. The last 100 cm has an approximate attenuation length of A = 2.8
0.7 m. This results in 20% of the signal remaining after traveling the full two-meter length of
the module. This is half of the expected signal based on the manufacturer stated attenuation
length of 3.5 meters. In following chapter, the effects of this attenuation on the module's muon
detection rates will be evaluated.
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Figure 4.12. Two-meter detection module testing. The H8500 PMT and a Sr-90 source are placed at
the 1.5 cm openings in the white Teflon tape which are positioned every 20 cm along the detection
module. High voltage supplies provide separate bias to the H8500 and two R6095 PMTs located in
dark boxes at each end of the module. Signals from each PMT are connected to a Fan in/out module
and then connected to the CAEN V1751 digitizer.
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Figure 4.13. Attenuation length determination for a two-meter long detection module. The initial 80-
100 cm can be characterized with an attenuation length of k1 = 0.8 0.1 m and the final 100 cm can be
characterized with an attenuation length of k2 = 2.8 0.7 m. Previous data from OLS filled PTFE,
shown in black, has 7 times less signal at 1-meter.
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5. Detecting Muons
As stated at the beginning, the alternative detection module for the cosmic ray imaging
system should operate at a continuous length of at least two meters with comparable muon
detection efficiency to the current plastic fibers. In addition, having the ability to provide
interaction position along the module would be beneficial.
In chapter 4, initial experiments identified the two 2mm diameter WLS fibers attached
to an EJ-309 filled FEP tube configuration as a potential alternative to the current plastic fibers.
In this chapter, the module's muon detection capabilities are characterized and compared to a
plastic fiber. The experiments conducted demonstrate that the module's muon detection
efficiency matches or exceeds that of the plastic fiber; the muon detection efficiency is uniform
at all positions along the 2-meter module with the potential for increased length; and pulse
timing information can be used to determine coarsely the interaction position.
5.1. Detection Module's Muon Efficiency Compared to Plastic Fibers
5.1.1. Experimental Setup
In order to compare the muon detection efficiency of the OLS module read-out by two
2mm diameter WLS fibers with that of a conventional plastic fiber a 1" x 1" x 4" plastic
scintillator, i.e., trigger, was placed below the OLS module and plastic fiber as shown in Figure
5.1. Coincident events with the trigger and the OLS module or the plastic fiber are collected
as muon events. Typically, a second trigger scintillator is used and only events in triple
coincidence, i.e., events in both triggers and either the OLS module or the plastic fiber, are
collected as muon events. A second trigger scintillator could not be used because of spatial
constraints inside the lightproof container. In our setup, the 1" x 1" x 4" plastic scintillator
triggered the collection of the OLS module and plastic fiber signals in the V1751 digitizer and
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coincident events with the trigger were extracted in post-processing. R6095 PMTs, operating
at -1200 V, were used to collect the light from the OLS module and the plastic fiber.
Top view
Plastic fiber PMT_
WLSPT
Figure 5.1. OLS module versus plastic fiber muon detection efficiency experimental setup. All plastic
scintillator (1" x I" x 4") events above 200 mV triggered the collection of the OLS module and plastic
fiber signal. All OLS module and plastic fiber events above 30 mV were counted as muon events.
5.1.2. Results
Data was collected for more than 24 hours and the pulse height spectra of the OLS
module and plastic fiber are shown in Figure 5.2. With no background suppression of the
trigger, i.e., no second trigger scintillator, over 140,000 events were collected. The majority
of these events were not coincident with either the OLS module or the plastic fiber resulting in
over 120,000 events in each of their pedestals. Since their PMTs were operated at the same
high voltage, the large light signal of the plastic fiber resulted in a saturated pulse height
spectrum. Generally, this would increase low energy noise in the spectrum but it is suppressed
by the coincident requirement. This is similar to the actual CRI design since we require hits in
at least four fibers for a valid muon event, which results in excellent background suppression.
The spectra show a clear detection cutoff at 30 mV giving 11,900 + 100 coincident OLS
module counts and 7,720 + 90 coincident plastic fiber counts. Table 5.1 shows a summary of
the detectors' dimensions and the data collected. Although the muon distribution complicates
the efficiency comparison of non-geometrically identical detectors, detection rates per area are
determined to compare the OLS module to the plastic fiber.
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Figure 5.2. Comparison of OLS module and plastic fiber pulse height spectra. The OLS module and
plastic fiber signals were collected when a large rectangular scintillator (trigger) measured an event
above -200 mV. Of the 140,000 triggered events, less than 20,000 were coincident with OLS module
or plastic fiber signals over 30 mV.
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Table 5.1. Muon Detection Efficiency Comparison Data.
Outer Coincident Count rate
Detector Diameter Counts per area
(cm) (cm) (x1000) (min 1 cm- 2)
Module 0.63 + 0.05 10.2 + 0.6 11.9 + 0.1 1.17 + 0.1
Fise 0.50 + 0.02 10.2 +0.6 7.72 +0.09 0.96 + 0.07
SW-standard wall (0.051 0.01) cm
The module used FEP tubing with a 5.28 mm inner diameter and a wall thickness of
0.51 mm, while the plastic fiber had an inner diameter of 4.85 mm and a cladding thickness of
0.15 mm. Without considering the area of the WLS fibers, the OLS module detected 1.2 + 0.1
muons-min-i-cm-2 while the plastic fiber detected 0.96 + 0.07 muons-min-l-cm-2. This is
essentially 100% detection of the expected -1 muons-min-'-Cm- 2 fluence at sea level. The FEP
tubing is also available in wall thicknesses of 0.38 mm and 0.25 mm which should increase the
module's count detection rate to as high as 1.28 + 0.1 muons-min- -cm2 . Although the
dimensions of the two 2mm diameter WLS fibers were not included, it is expected that the
fluoropolymer tube dimensions will determine the percentage of active detection volume and
the WLS fibers will primarily occupy exiting voids between the tubes, i.e., the WLS fibers will
not significantly reduce the active detection area. Based on these results, a system using OLS
modules read-out by two 2mm diameter WLS fibers would match or improve the detection
efficiency of the current plastic fiber based system.
5.2. Evaluating the Full-Length Response of the Detection Module
5.2.1. Experimental Setup
The OLS module's response is characterized as a function of position to evaluate the
loss of detection efficiency due to the WLS fiber capture and transmission efficiencies. The
evaluation uses the same experimental setup shown in Figure 4.12 with the signal processing
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shown Figure 5.3. The H8500 was placed at five positions along the module to identify when
an interaction occurred at that position and to trigger the collection of the left and right PMT
signals in the V 1751 digitizer. Only two pixels of the H8500 are used in order to limit the
region in which events are detected.
Y L Computer
Fan 4 x Y CAEN V1 751
Y InDigitizer
4x U
H850 PMTDiscriminator -
Figure 5.3. Signal processing for characterizing the detection module response to muons.
The rate of muons passing through this 1.5 cm long by 0.528 mm wide area is
approximately 0.013 Hz. A 40 mV trigger threshold established a lower limit of OLS
scintillation light that must be present to trigger the digitizer, i.e. to evaluate the subsequent
capture and transmission in the WLS fiber. Our trigger did not prevent the contributions from
gamma ray and neutron background radiation. With the relatively high trigger rates measured,
approximately 0.06 Hz, and the expectation that muon events generally produce more
scintillation light in the OLS, it is reasonable to predict that all muon events are captured
usingthis 40 mV threshold. The PMT signals are first sent to a fan in-out module allowing the
signals to be routed to the digitizer and a discriminator. The discriminator's square pulses are
also sent to the digitizer to provide timing information, which will be discussed in section 0.
Unlike the attenuation length characterization in section 4.4 that varied the high voltage to
capture pulse height information, the high voltage supplies for the left and right PMTs are
maintained at -1475 V for all measurements. This results in saturation of some pulses, which
does not affect detection efficiency but destroys pulse height information.
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5.2.2. Results
Data was collected at 20 cm, 60 cm, 100 cm, 140 cm, and 180 cm from the left PMT
and each collection was run for more than twenty hours. The measured triggering rates at each
position are 0.062 Hz, 0.061 Hz, 0.061 Hz, 0.059 Hz, and 0.056 Hz, respectively. Pulse height
spectra from the left PMT, right PMT, and both channels of the triggering PMT, for each
position along the module, are shown in Figure 5.4 through Figure 5.8. The H8500 PMT shows
standard, self-triggered muon/background spectra with a gradual increase in counts toward
lower energies and a rapid drop at its threshold. The consistent triggering rates and the typical
H8500 PMT pulse height spectra, we are confident that the WLS fibers are being exposed to
the same distribution of OLS light pulses at each position and there are no anomalies between
datasets.
At the center position, Figure 5.6, the right PMT spectra shows a slightly higher gain
that has been typical of this PMT. As the triggering PMT is moved left or right, the pulse
height spectra shift as expected. Based on the data, a 40 mV detection cutoff can be used to
determine if an event is detected in the OLS module. Assuming the H8500 detects and triggers
on 100% of the true events, coincident events in the left and right PMTs are considered a
positive detection. If a single PMT is above the cutoff, the event is detected but with a lower
reliability. If neither PMT signal is above the cutoff, the module did not detect the event. The
percentage of triggered events in which both left and right PMTs are above the cutoff, are from
left to right, 95.6%, 95.2%, 95.5%, 95.7%, and 95.2%. The average positive detection rate
is (95.4 0.1)% and including single PMT detections the rate is (99.68 0.06)%. Since
these events include lower light yield background events, it is reasonable to expect better
performance when only measuring higher light yield muons. If only events above 300 mV in
the H8500 are considered, the percentage of triggered events in which both left and right PMTs
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are above the cutoff increase to, from left to right, 97.9%, 98.6%, 98.9%, 98.7%, and 98.2%.
The average positive detection rate at this threshold is (98.4 + 0.5)%. Overall, the module
demonstrated a continuous detection capability along the full length of the 2-meter module
with less than 5% losses due to attenuation. The increased signals measured in section 4.2.3
with additional external WLS fibers also demonstrate the potential to increase the module's
length.
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Figure 5.4. Detection module's response to muons at 20 cm from the left PMT.
triggered events are undetected by the either the left or right PMT.
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Figure 5.5. Detection module's response to muons at 60 cm from the left PMT. No more than 0.3% of
triggered events are undetected by the either the left or right PMT.
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Figure 5.6. Detection module's response to muons at 100 cm from the left PMT. No more than 0.2%
of triggered events are undetected by the either the left or right PMT.
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Figure 5.7. Detection module's response to muons at 140 cm from the left PMT. No more than 0.5%
of triggered events are undetected by the either the left or right PMT.
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Figure 5.8. Detection module's response to muons at 180 cm from the left PMT. No more than 0.4%
of triggered events are undetected by the either the left or right PMT.
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5.3. Determining Interaction Position along Detection Module
Determining the interaction point along the detection module is necessary for muon
path reconstruction. In the current cosmic ray imaging system, fibers in adjacent layers cross
paths only once in the length of the tool. Therefore, the interaction point along the length of
the tool is at the cross-section of adjacent layer fibers that experience a coincident event, as
discussed in section 1.1.1. The uncertainty in the position depends on the fiber diameter and
the angle at which the fibers cross. The current system has less than a 2 cm uncertainty in
determining the position along the plastic fiber. Although an improvement to this uncertainty
would be helpful, a gross determination may also play a role in future systems.
If only the length of the system is increased, the crossing angle between fibers would
decrease and the position uncertainty would worsen unless the modules were allowed to cross
more than once in the length of the tool. For example, in a 2-meter system with two crossing
points, any two crossing points will be 1-meter apart with the same crossing angle and position
uncertainty as a 1-meter system. In this case, a coincident event in adjacent layer fibers would
give an intrinsic ambiguity between crossing locations along the fiber separated by 1-meter. If
the WLS fiber signal could reliably resolve this ambiguity, a number of cost effective detector
designs could become possible.
There are two potential methods for determining the interaction position along the
module using the WLS fiber signal, i.e. the variation in light yield and the difference in pulse
arrival time. The timing method was chosen in this work. The variation in light yield method
requires a statistically significant light yield to reach both PMTs from all locations along the
module. Although this may be achievable with additional WLS fibers, it is not currently a
viable option. Also, the non-constant attenuation length complicates the position determination
and requires a detailed characterization of the attenuation length. The variation in the pulse
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arrival time is based on the speed of light in the WLS fiber polystyrene core and the path length
difference as a function of position along the module. These methods will perform poorly or
not at all if the OLS light is gradually escaping the tube and incident on the WLS fiber over an
extended distance. Therefore, the spatial distribution of the light exiting the side of the
fluoropolymer tube is considered first.
5.3.1. Measurement of Light Exiting Wall of Fluoropolymer Tube
Based on the light propagation model and shown in Figure 3.6, the light escaping the
tube is expected to be localized near the interaction point. To verify experimentally, the light
escaping the side of a small section of EJ-309 filled FEP tubing was measured using eight
pixels of the H8500 PMT as shown in Figure 5.9. 90 Sr pulse height spectra were collected for
each pixel for the five source locations identified. As expected, the majority of the light escapes
localized at the source and distributed over a small region of 3 to 4 pixels, 1.8 cm to 2.4 cm.
The results from source locations 1, 3, and 5 are summarized in Figure 5.10. With a 1 ns
uncertainty equivalent to nearly 19 cm, this spatial distribution is not expected to be a critical
factor.
Figure 5.9. A pixelated H8500 PMT was used to measure the distribution of light escaping the side of
a FEP tube. The top row of a H8500 PMT consists of eight pixels. 91Sr pulse height spectra are collected
from each pixel for the source placed at the five location identified.
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Figure 5.10. Light escaping the side of the side of the fluoropolymer tube is localized around the
interaction point. Shown are the average pulse height for each pixel for three different source
locations. The maximum pulse height is found facing the source location and rapidly decreases within
two pixels. This corresponds to an effective 24 mm region in which light escapes a localized interaction
point.
5.3.2. Pulse Timing Method
The portion of light produced in the OLS that exits the fluoropolymer tube, is absorbed
in the WLS fiber, and is isotropically re-emitted with a decay time of 12 ns. After re-emitting
the light, the WLS fiber acts as a multi-mode light guide resulting in many light paths to the
PMT. These longer path lengths cause the travel time to be longer although all path lengths
are directly proportional to the distance to the PMT. Assuming the increased travel time can
be accounted for with a constant of proportionality of the form c' = a(c/n), the WLS fiber
light from a muon event at position x, as shown in Figure 5.11, will arrive at the left and right
PMTs at
tLeft 0C X/C' and tRight oc (L -x)/c' (5.1)
100
where c is the speed of light in a vacuum, the index of refraction for the polystyrene core is
n = 1.6, and L is the length of the WLS. Using the measured difference in pulse arrival time,
the position is calculated as
x = (L - c'(tRight - tLeft)) /2. (5.2)
Based on the data collected the constant of proportionality is a = 0.7. Figure 5.12 shows the
measured difference in pulse arrival times for events occurring at 20 cm, 100 cm. and 180 cm
from the left PMT.
Muon
WLS ><OLS filled tube
X ---- L-x ------
I L I
Figure 5.11. Position determination using pulse arrival time at left and right PMTs.
These results use the experimentally determined constant of proportionality to correlate
the difference in pulse arrival time to the distance from the left PMT. The datasets have a
consistent standard deviation of 4.8 ns or 36 cm and the mean values of the data collected are
consistent with the measurement locations. The main contributions to the uncertainty in timing
are the digitizer sampling rate (1 ns), the PMT response time (4 ns), and the WLS fiber decay
time (12 ns) Some potential experimental changes to improve the uncertainty, but not
conducted here, include:
o using a WLS fiber with a faster decay time such as BCF-92 (2.7 ns);
o using the H8500 PMT (0.8 ns rise time compared to the R6095's 4 ns rise time);
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o operating the V1751 at 2 GSa/s (0.5 ns); and/or
o using a time to digital converter such as the CAEN VI 190A (0.1 ns);
Position Determination Using Pulse Timing
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Figure 5.12. Timing information from muon data was used to determine the interaction location.
To evaluate the timing capability to distinguish an event as occurring at one of two
possible locations separated by 100 cm, the data taken at 180 cm from the left PMT was shifted
20 cm to represent a measurement at 160 cm and compared to the 60 cm data. As shown in
Figure 5.13, less than 5% of these events would have been assigned the incorrect fiber crossing
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point. In addition, each coincident event consists of two modules. This provides a second
timing measurement, further reducing the probability of misidentifying the crossing point to
5% x 5% = 0.25%. Currently the CRI electronics do not collect any timing information and
may require significant modifications to implement this timing method.
Estimating Position Uncertainty
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Figure 5.13. Analysis of timing information ability to discriminate between two potential interaction
points separated by 100 cm. Less than 0.25% of events occurring 100 cm apart will be misidentified
when using timing data from both fibers in coincidence.
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6. Detecting Neutrons
In this chapter, preliminary tests to evaluate the proposed detection module as a fast
neutron detector for nuclear security applications are conducted. In most of the nuclear security
scenarios, a neutron detection system will have to operate in the presence of background
gamma radiation either from terrestrial sources or from the unidentified neutron source.
Therefore, it is important to have the capability to distinguish neutron from gamma rays events.
The detection module uses EJ-309, a relatively new OLS that is well known for its pulse shape
discrimination capability 27, 28, 48-50 In the proposed module, the OLS light is first absorbed by
the WLS fiber and then re-emitted before being channeled to the PMT. The intent of this
research is to determine if the re-emitted WLS fiber light pulses retain the characteristics of the
original EJ-309 pulses, i.e., can pulse shape discrimination techniques be successfully applied
to the WLS fiber light pulses. Currently, pulse shape discrimination is limited to geometries
in which a large fraction of the light pulse is directly captured by a PMT, e.g., small cylindrical
geometries. The capability to fill more complicated geometries with flexible OLS modules,
read the OLS signal out using WLS fibers, and perform neutron-gamma ray discrimination has
the potential to replace 3He in some applications.
6.1. Experimental Setup
The experimental setup was designed to determine if the light pulses in the WLS fiber
retain any pulse shape discrimination characteristics and the extent this is affected by the
digitizer sampling rate and resolution. In the setup shown in Figure 6.1, four 2 mm WLS fibers
were attached to an EJ-309 filled FEP tube and R6095 PMTs were used to measure the WLS
fiber signal and the light escaping the side of the tube. The fraction of light escaping the side
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of the tube that is measured by the R6095 PMT is expected to have the same characteristics as
the light absorbed and subsequently re-emitted by the WLS fiber.
The pulses were digitized using both the V1751 and a DT5720 digitizers. The V1751
has a sampling rate of lGSa/s and a 10 bit resolution over a 1 volt range while the DT5720
digitizer has a sampling rate of 250MSa/s and a 12 bit resolution over a 2 volt range.
Coincident pulses from the OLS tube and the WLS fiber, above a 30mV threshold, triggered
the collection of both pulses in both digitizers. The collection windows for the DT5720 and
V1751 were set for 256 samples and 1024 sample, respectively. This corresponds to
approximately one microsecond.
Various source combinations of a 1OmCi AmBe (December 2010), a 1s Ci 60Co
(February 2006), and a 1 pCi 137Cs (February 2008) were measured for thirty minutes each. A
lead shield was placed in front of the AmBe to reduce the number of gamma rays reaching the
detection module. The detectors were placed inside a lightproof container during the
collection. This required the high voltage supplies to be turned off when the sources were
changed. The four WLS fiber ends, as shown in Figure 4.5, were coupled to the R6095 PMT
with optical grease to improve their optical contact.
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Figure 6.1. Experimental setup for fast neutron detection application. Above: Equipment placed
inside lightproof container. One R6095 PMT is used to evaluate the pulse shape discrimination directly
in the EJ-309 and the second R6095 PMT is used to measure the WLS fiber signal. A lead shield was
used to reduce the AmBe gamma rays reaching the OLS filled tube. Below: The electronics included
a V1751 digitizer, a DT5720 digitizer (not shown), and a V6521 high voltage power supply.
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6.2. Digital Pulse Shape Discrimination Algorithms
As previously discussed, the ability to distinguish gamma rays from neutrons is an
important capability for nuclear security applications. The extended tail of a neutron pulse is
the basis for pulse shape discrimination. Sample neutron and gamma ray pulses collected from
the OLS filled FEP tube are shown in Figure 6.2. During post-processing, the baseline for each
pulse is determined and the pulse is inverted. Each pulse is evaluated for excessive noise before
being processed. Depending on the PSD algorithm, the pulses are filtered to reduce
fluctuations caused by signal noise and the sampling frequency of the digitizer. The advantage
of capturing digital pulses for post processing is the ability to evaluate multiple algorithms on
the same set of pulses. Thirty minute measurements of AmBe, 137 Cs, and 60Co were conducted
capturing the WLS fiber and OLS signals with both digitizers. Three PSD algorithms were
applied to the data sets; charge ratio, pulse gradient analysis, and rise time. In all PSD methods,
the 13 7Cs events were plotted inside the same regions as the 60Co events, therefore the 137Cs are
omitted for clarity. Where applicable, a line identifying the threshold between neutron and
gamma ray events is estimated and a figure of merit (FOM) calculated using
FOM = Peak Separation 6.1)
FWHMn+FWHMy6
where the peak separation and the full widths at half maximum are identified from normal
distributions fitted to the discrimination parameters of neutron and gamma ray events. Each
PSD method is briefly introduced and the results summarized in the following sections.
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Figure 6.2. Neutron and gamma ray pulses collected from OLS filled FEP tube. The extended tail of
the neutron pulse is the basis of pulse shape discrimination. Degradation in the timing or amplitude
of the pulses results in degraded pulse shape discrimination capability. Multi-point moving average
filters are commonly used to reduce noise before applying PSD algorithms.
6.2.1. Charge Ratio
The charge ratio method compares the integrated pulse in two time windows
corresponding to the full pulse and the pulse tail to discriminate between neutrons and gamma
rays. 51 The windows are optimized for the specific scintillator and detector geometry. The
time window used for the total integral was 500 ns and the tail integral started 16 ns after the
peak and stopped at the same time as the total integral. Figure 6.3 and Figure 6.4 show the
charge ratio method applied to light escaping the side of the EJ-309 filled tube for an AmBe
source compared to a 60Co source using the DT5720 and V1751 digitizers. The gamma rays
from the AmBe source are clearly still present and fall in the same region as the 60Co events.
A line was graphically chosen to minimize the number of 60Co events falling above the
line and maximize the number of AmBe events falling above the line. The discrimination lines
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chosen result in less than 1% of the 5000 60Co events misidentified as neutrons and
approximately 38% of the 5000 AmBe events are identified as neutrons. Because no truly pure
neutron data was collected, the 1900 events identified as neutrons are used to evaluate the
discrimination capability of the WLS fiber and the remaining PSD methods. The charge ratio
method applied to the WLS fiber signal is shown in Figure 6.5 and Figure 6.6. Based on the
timing parameters chosen, the WLS fiber signal does not show any PSD capability using the
charge ratio method. Although the 60Co events may be slightly shifted below the AmBe
neutron events, they cannot be separated. The additional random nature of the WLS fiber light
production adds irregularities to the pulse shape. With the fixed time intervals used ill this
method, the variation from pulse to pulse blurs the neutron and gamma ray events.
Charge Ratio Method using 10 Bit - I GSa/s Digitizer
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Figure 6.3. The charge ratio method applied to light escaping the side of the EJ-309 filled tube for an
AmBe source compared to a 6 0Co source using the V1751 digitizer. The discrimination line was
graphically identified and resulted in a FOM=0.53.
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Figure 6.4. The charge ratio method applied to light escaping the side of the EJ-309 filled tube for an
AmBe source compared to a 60Co source using the DT5720 digitizer. The discrimination line was
graphically identified and resulted in a FOM=0.52.
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Figure 6.5. The charge ratio method applied to WLS fiber signal for an AmBe source compared to a
60Co source using the V1751 digitizer. The WLS fiber signal shows no clear pulse shape discrimination.
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Figure 6.6. The charge ratio method applied to WLS fiber signal for an AmBe source compared to a
6 0Co source using the DT5720 digitizer. The WLS fiber signal shows no clear pulse shape
discrimination.
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6.2.2. Pulse Gradient Analysis Method
The light output of organic scintillators are often modeled as the decay of several
exponential terms and estimating the actual decay rate from continuous data can be
computationally intensive.12 The pulse gradient analysis (PGA) method simplifies the process
by estimating the gradient with the pulse height difference between two points. The first point
is the peak of the pulse and the second is chosen at a fixed time following the peak. The pulse
height at the second point is called the discrimination amplitude. Neutron pulses with slower
gradients will have higher discrimination amplitudes than gamma ray pulses.
Plotting the discrimination value against the peak height provides a graphic assessment
of the pulse shape discrimination. Fixed times of 16 ns, 20 ns, and 24 ns were applied to the
data sets collected. Figure 6.7 through Figure 6.10 display the results using a fixed time of 24
ns. As seen in the charge ratio method, the WLS fiber signals do not readily display a PSD
capability. The EJ-309 PSD capability is still visible but degraded with a FOM of 0.40
compared to 0.52 from the charge ratio method. The discrimination lines chosen for the EJ-
309 signals yields similar discrimination for both digitizers with approximately 85% of the
AmBe neutrons identified as neutrons and less than 6% of the 60Co gamma rays incorrectly
identified as neutrons. Lower energy events are known to be more difficult to discriminate and
higher thresholds are typically used. 50 When a 95 mV threshold is applied, 1% of the 60Co
gamma rays are incorrectly identified as neutrons with a corresponding reduction in neutron
identification to 58%.
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PGA Method using 10 Bit - I GSa/s Digitizer
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Figure 6.7. The pulse gradient analysis (PGA) method applied to light escaping the side of the EJ-309
filled tube for an AmBe source compared to a 6 0Co source using the V1751 digitizer. The
discrimination line was graphically identified and resulted in a FOM=0.40.
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Figure 6.8. The pulse gradient analysis (PGA) method applied to light escaping the side of the EJ-309
filled tube for an AmBe source compared to a 6 0Co source using the DT5720 digitizer. The
discrimination line was graphically identified and resulted in a FOM=0.40.
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Figure 6.9. Pulse gradient analysis (PGA) method applied to WLS fiber signal for an AmBe source
compared to a 60Co source using the V1751 digitizer. The WLS fiber signal shows no clear pulse shape
discrimination.
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Figure 6.10. Pulse gradient analysis (PGA) method applied to WLS fiber signal for an AmBe source
compared to a 6 0Co source using the DT5720 digitizer. The WLS fiber signal shows no clear pulse
shape discrimination.
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6.2.3. Rise Time Method
The longer tail of neutron pulses causes its integrated pulse to take longer to reach its
maximum, as shown by the sample pulses collected from the EJ-309 filled FEP tube in Figure
6.11. The rise time method analyzes the integrated pulse measuring the time from 10% to 80%
of its maximum. Many works have analyzed theses parameters for different scintillators and
Rise Time Method - Pulse Shape Discrimination
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- Gamma ray
- Neutron Integrated Pulse
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0.2
0.0I
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Figure 6.11. Rise time method of pulse shape discrimination measures the time required for an
integrated pulse to reach 80% of its maximum.
geometries and generally the optimal values are between 10% and 90%.51 53-56 The rise time
analysis for the data collected is shown in Figure 6.12 through Figure 6.15. An offset
exponential of the form
y = a + b e-(x+c) (6.2)
was used as the discriminator between neutron and gamma ray events. The OLS signal
measured with the V1751 fast digitizer identified 88% of the AmBe neutrons as neutrons and
6% of the 60Co gamma rays incorrectly identified as neutrons. The DT5720 achieved similar
results with 95% of the AmBe neutrons as neutrons and 4% of the 60Co gamma rays incorrectly
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identified as neutrons. The WLS fiber signal also demonstrated a PSD capability with similar
results in both the V1751 and DT5720 digitizers. Based on the discrimination lines chosen,
65% of the AmBe neutrons were identified as neutrons and 8% of the 60Co gamma rays
incorrectly identified as neutrons. Additional optimization of the discriminator lines would
improve the PSD performance. The rise time method, unlike charge ratio and PGA, does not
evaluate each pulse at a predetermined times but evaluates the timing characteristics from pulse
to pulse. This allows the degraded, but still present, timing characteristics to be extracted.
Rise Time Method using 10 Bit - I GSa/s Digitizer
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Figure 6.12. The rise time method applied to light escaping the side of the EJ-309 filled tube for an
AmBe source compared to a 60Co source using the V1751 digitizer. The discrimination line was
graphically identified and resulted in a FOM=0.56.
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Figure 6.13. Rise time method applied to light escaping the side of the EJ-309 filled tube for an AmBe
source compared to a 60Co source using the DT5720 digitizer. The discrimination line was graphically
identified and resulted in a FOM=0.58.
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Figure 6.14. The rise time method applied to the WLS fiber signal for an AmBe source compared to
a 60Co source using the V1751 digitizer. The discrimination line was graphically identified and resulted
in a FOM=0.45.
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Figure 6.15. The rise time method applied to the WLS fiber signal for an AmBe source compared to a
6 0Co source using the DT5720 digitizer. The discrimination line was graphically identified and resulted
in a FOM=0.43.
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6.2.4. Pulse Shape Discrimination Summary
EJ-309's pulse shape discrimination capability and its lower toxicity and flammability has
made the relatively new organic scintillator a popular topic of recent research. Many
institutions and organizations continue to characterize its light production for a wide range of
applications. The intent of this research was to determine if the re-emitted WLS fiber light
pulses retain the characteristics of the original EJ-309 pulses. The measurement of the EJ-309
light escaping the side of the tube was not optimized and only a fraction of the light was
collected. As expected, poorer PSD capability from the EJ-309 was observed as summarized
in Table 6.1.
Table 6.1. Summary of Pulse Shape Discrimination Methods
Correctly ID Incorrectly ID FOMMethod Digitizer Signal Neutron (%) 60Co (%)
WLS NA NA 0
. V1751 OLS * 1 0.53
Charge Ratio WLS NA NA 0DT5720 OLS * 1 0.52
WLS NA NA 0
Pulse Gradient OLS 82 6 0.40
Analysis DT720 WLS NA NA 0
DT572 OLS 86 3 0.40
WLS 64 8 0.45
Rise Time OLS 88 6 0.56
Method WLS 66 5 0.43
DT5720 OLS 95 4 0.58
*Charge ratio method is used as basis for identifying AmBe neutrons since a purely
neutron source was not used.
No PSD capability was observed using the charge ratio and pulse gradient analysis
methods on the WLS fiber signals. Both of these techniques are sensitive to variations in the
pulse timing. Pulses not consistent with the neutron or gamma ray timing profile will not be
properly discriminated. With BCF-91A's 12 ns decay time, the added absorption and re-
emission in the WLS fiber blurs a pulse's timing profile. The long integration window of the
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rise time method evaluates each pulse's timing profile separately making it more tolerant to
the loss in precise timing. As a result, discriminating gamma ray events, currently at a cost of
neutron efficiency, is possible through the WLS fiber signal. There are many aspects of the
system that can be optimized to improve its PSD capability.
6.3. Fast Neutron Detection Efficiency
Without achieving a purely neutron source it is difficult to determine the fast neutron
detection efficiency without large uncertainties. In a separate test, the shielded AmBe source
used in the pulse shape discrimination analysis was placed 6 inches from two 6" EJ-309 filled
modules. Each was read-out using two 2mm diameter WLS fibers and the H8500 PMT. The
count rate measured after subtracting the background was 7.9 Hz. Based on the charge ratio
method, two fifths of the detected events were determined to be neutrons giving a neutron
detection rate of 3.2 Hz. The 10 mCi AmBe source emits approximately 22,000 neutron per
second isotropically giving 86 neutrons per second incident on the two detections modules.
This provides an estimated 3.7% intrinsic fast neutron detection efficiency in a single layer of
the detection modules with an estimated 14% for a four-layer system. The plutonium based
nuclear weapon discussed in section 2.3.2 emits 1430,000 neutrons per second. A one square
meter panel of single layer modules at -2 meters from the weapon would count 1 million
neutrons in 65 minutes and a four-layer system would take less than 15 minutes. At a distance
of ~4 meters these times increase to 260 minutes and 60 minutes, respectively. Operational
measurements of 15-60 minutes are reasonable and suggests further research is warranted.
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7. Conclusions and Future Work
Industrial and nuclear security applications continue to demand innovative radiation
detection solutions for complex scenarios. In this work, we explore a common solution to the
vastly different applications of oil reservoir saturation monitoring with cosmic ray imaging and
the identification of illicit special nuclear material with fast neutron detection. The use of
organic liquid scintillators can provide excellent detection efficiencies, flexibility in system
designs, and significant cost reductions. However, the efficient light collection in long-thin
geometries has always been a challenge and is the common issue when searching for an organic
liquid scintillator design for these applications. A solution utilizing wavelength shifting fibers
to read-out the optical signals created in transparent fluoropolymer tubes filled with liquid
scintillator has been designed and characterized.
7.1. Status of Work Priorities
7.1.1. Cosmic Ray Imager
The selected OLS module design used two 2 mm diameter WLS fibers and a 5.28 mm
inside diameter FEP tube filled with EJ-309. In a side-by-side comparison with a standard
plastic scintillating fiber, the OLS module detected 1.17 + 0.1 muons-min--cm-2 while the
plastic fiber detected 0.96 + 0.07 muons-min-1-cm-2. This demonstrated that no muon events
were being lost due to the absorption and re-emission efficiencies of the WLS fibers. In a full
2-meter long test, the module showed a constant detection rate along the module demonstrating
event losses of less than 5% along the length of the module due to signal attenuation in the
WLS fibers. The data showed a (95.4 0.1)% detection rate of triggered events that increased
to (98.4 0.5)% when lower light yield background events were subtracted. Measurements
with additional external WLS fibers demonstrate an increased signal that provides the potential
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to increase the module's length with minimal increase in complexity or costs. The timing
information extracted from the WLS fiber signal provided only coarse determination of the
interaction location with uncertainties of +40 cm. This could be considerably reduced to less
than 10 cm or more when using a faster PMT (H8500) and WLS (BCF-92). The potential for
this measurement to resolve ambiguities in module crossing points could make a number of
cost effective detector designs possible in future development. The ability to couple the WLS
fibers to the outside of the fluoropolymer tube not only reduces the complexity of the system
and provides more design options; it also eliminates the concern of long-term degradation of
the WLS fiber while submerged in the OLS.
7.1.2. Fast Neutron Detector
Initial experiments were conducted to characterize the capability of the detection
module to discriminate between neutrons and gamma rays and estimate its fast neutron
detection efficiency. A light pulse from a neutron interaction in the EJ-309 has a longer tail
than a light pulse from a gamma ray event due to higher proportion of delayed fluorescence.
The experiments verified that the EJ-309 scintillation light escaping the sides of the FEP tube
showed varied pulse timing profiles for neutron and gamma ray events. The fraction of the
original light captured was not optimized and the figures of merit for charge ratio, pulse
gradient analysis, and rise time pulse shape discrimination methods were 0.53, 0.40, and 0.58,
respectively. The V 1751 and DT5 720 digitizers showed small variations in performance based
on the pulse shape discrimination method used. As expected, the additional processes of
absorption and re-emission in the WLS fibers alter the timing profiles of the original EJ-309
pulses. The degradation in the timing profile resulted in no pulse shape discrimination when
using the charge ratio and pulse gradient analysis methods. However, the rise time method
clearly demonstrated pulse shape discrimination capability with a FOM of 0.45. We expect
126
the performance to improve with additional WLS fiber characterization and optimization of
the algorithm's parameters. Even with degraded performance, the ability to use wavelength
shifting materials for pulse shape discrimination has the potential to expand the use of organic
liquid scintillators for fast neutron detection. The fast neutron detection intrinsic efficiency
was measured with an AmBe source and estimated to be 3.7% for a single layer of the modules
and 14% for four-layers. Since a pure neutron source measurement was not taken, these values
are rough estimates and require additional testing to ensure their validity. Based on these rough
estimates, a one square meter panel with four-layers of modules positioned 2 meters away from
the hypothetical nuclear weapon would have enough counts to identify the presence of special
nuclear material in less than 15 minutes.
7.2. Future Work
Now that a viable alternative to plastic scintillating fibers has been identified,
additional characterization and optimization of the detection modules are required.
o Test a full 2-meter long, three 1mm diameter WLS fiber module. In small-
scale tests, this module had similar light collection efficiency as the two 2 mm diameter WLS
module, but attenuation in smaller diameter fibers are generally poorer. The advantage of using
1 mm diameter over 2 mm diameter WLS fiber is an improved packing efficiency, i.e.,
preventing the loss of active detection area.
o Fluoropolymer tubes can be extruded in a wide range of forms, as shown in
Figure 7.1, with many advantages to include improved packing efficiency, increased active
area, potential for improve light collection efficiency, and simplification of the manufacturing
process. For example, the ability to slide the WLS fiber into pre-made channels after the tube
was filled and sealed would greatly simplify the construction of each module with the potential
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to minimize intervening wall thickness. Extramural material can also be included during the
extrusion process to increase light collection and prevent cross talk between the modules. The
only disadvantage would be increased cost mostly associated with the initial design and
construction of the extrusion mandrel die.
0 0
OLS OLS OLS
00
, I
Figure 7.1. Fluoropolymer tubes can be extruded in many forms opening up many configurations to
be considered (not to scale). The WLS fibers are placed in pre-made grooves or channels simplifying
the manufacturing of the modules.
o Optimization of light collection at the PMT. The WLS fiber shifts the OLS
blue light to longer green light. For bialkali photocathode based PMTs like the H8500 and
R6095 this reduces the quantum efficiency by 5-10%. This is compensated for by increasing
the number of WLS, but an analysis of alternative PMT-WLS fiber combinations may yield an
improved solution.
The following characterization and optimization for the nuclear security application of
the detection module are also required.
o The optimal dimensions of the OLS filled module for fast neutron detection
will be different than those for the CRI system. The tradeoff of neutron detection efficiency
with light collection in the WLS fiber should be analyzed.
o The effects of attenuation on the PSD capability should be characterized.
Attenuation effects may further degrade the pulse information in the WLS fiber signal although
a portable fast neutron detector will most likely be less than 1-meter. An optimal combination
of OLS, WLS fiber, and PMT should be investigated.
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